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ABSTRACT 
Unmodified, unplasticised PVC (PVC-U) is occasionally brittle and notch' sensitive 
and articles made from PVC-U are likely to be subjected to occasional impact loading 
or to abuse over a wide temperature range. Therefore, to improve the robustness of 
PVC-U, impact-modified PVC-U compounds have been developed through the 
addition of rubbery impact modifiers. The objective of the research is to extend the 
existing knowledge of toughness enhancement in rubber-toughened ý polymer 
materials to acrylate rubber-modified PVC-U, both in solid and in foamed profiles. 
Ductile-brittle transitions of impact-modified solid PVC-U were determined using an 
instrumented falling weight impact test method, on notched samples. The results 
indicate that the impact modifier with the smallest rubber particle size is the most 
effective in pushing, the ductile-brittle transition to higher strain rate and lower 
temperature. The deformation, toughening and fracture mechanisms in acrylate- 
modified PVC-U under high velocity loading have been studied by analysing the 
fracture surfaces of samples from the IM test using the Scanning Electron 
Microscope (SEM) and Transmission Electron Mcroscope (TENI). The result from 
the TEM analysis on the hinge break samples indicated that crazes do not form in 
acrylate rubber-toughened PVC systems, which suggests that the mechanism of 
impact modification is based on the enhancement of localized shear yielding in the 
matrix, within the vicinity of rubber modifier particles. 
Part of this project involved more extensive tests from the technique previously 
developed which has enabled the fracture mechanics principles to be applied to 
impact modified PVC. The results show that the impact modifiers in all blends 
increase Gc, and Kc, values at a temperature of 40 T for an impact velocity of 3 
m/s. The IM tests have highlighted the difficulties in obtaining reliable and 
accurate data in the determination of Kc, and Gc, values at high impact velocities. 
ii 
PVC structural foam represents another area of interest in current PVC applications. 
The impact strength of structural foam is, however, usually lower than the solid 
counterpart material, due to the lower density, and stress concentrations in the 
cellular structure. 
In this project, two methods were used in an attempt to improve the impact 
resistance of the foamed PVC-U: 
(1) impact modification of the rigid foam compound, using a free-foam twin screw 
extrusion process; 
(2) co-extrusion process in which improvements in impact properties may be 
achieved by the use of a high impact, rubber modified sIdn layer. 
For the modification of the rigid foam compound, the effects of impact modifier and 
blowing agent addition level (hence profile density) on impact, fracture and 
conventional flexural properties were studied. Under the conditions used, it was 
revealed that impact strength increases with increasing impact modifier level but is 
only marginal compared to the decrease in toughness due to the decrease of profile 
density. 
The results from the foam PVC-U co-extrusion study revealed that the failure energy 
and flexural modulus each increase'with increasing skin thickness, as the co-extruder 
screw speed increases. The result also indicates that for similar co-extruder screw 
speed, the skin thickness is relatively higher for the impact-modified skin due to the 
lower melt viscosity. At an impact velocity of 3 m/s and a temperature of 30 T, no 
significant difference of failure energy was observed between the impact modified and 
unmodified samples. The image analysis on the co-extruded PVC-U foam structure 
shows that the profile density is lowest in the middle. 
Keywords: PVC-U, impact modifiers, rubber toughening, impact properties, 
foamed plastics, fracture, toughening mechanisms. 
iii 
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CHAPTERI 
INTRODUCTION AND OBJECTIVES 
1.1 Introduction 
Toughness is the ability of materials to absorb strain energy under any applied force, 
without fracture. Plastics materials are viscoelastic and are therefore strain rate 
dependent. Under impact (high velocity) loading conditions, embrittlement is a 
problem often encountered and therefore impact resistance is an important attribute 
required in a plastics materials for their successful use in many load-bearing 
applications. Impact resistance is defined as 'the ability of a material or a structure 
therefrom to withstand the appfication of a sudden load without failure' (1). Extensive 
research and development work has therefore been carried out to formulate polymers 
with high impact resistance. The enhancement of the impact resistance of plastics 
through the introduction of a dispersed rubbery phase is one of the means to develop 
toughened high impact strength polymers and has been exploited commercially on a 
large scale (2,3). This improvement in impact strength must, however, be achieved 
without impairment of other desirable properties and without neglecting the cost 
factor. Typically, a minor proportion of rubber, usually between 5 and 20 % is 
incorporated as a dispersed phase into a rigid plastics matrix (2). The technical and 
commercial success of high impact polystyrene (HIPS) and acrylonitrile-butadiene- 
styrene (ABS) has led to a widespread and intensive programme of research on the use 
of rubbers as a toughening agents for these and other polymers (3). There is now an 
impressive list of rubber toughened polymers, including both amorphous and semi- 
crystalline thermoplastics, and thermosetting resins. (3). 
Currently, PVC is one of the world's leading synthetic polymers with global 
consumption of approximately 16 million tonnes per annum (4,5). It was first 
recognised and characterised more than 100 years ago, but poor thermal stability 
makes processing difficult. However, with the development of suitable stabiliser and 
additive systems, this problem has been overcome and the first commercial production 
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started in Germany in the early 1930's (6). Shortages of rubber during World War 2 
created opportunities for plasticized PVC in applications such as sheeting and electrical 
insulation. Since then, PVC has been used extensively due to it being relatively cheap 
and versatile. The versatility of this polymer is its ability to'incorporate additives to 
suit many different applications, - and other factors responsible for rapid growth of PVC 
are: 
(i) good physical, chemical and weathering properties 
(h) processability by a variety of techniques I 
PVC is manufactured commercially mainly by the suspension, mass, and emulsion 
routes. The recent figures show that due to technological and economic advantages, 
the suspension polymerisation process dominates, with a market share of 76% (7). 
After polymerisation, the PVC possesses an extremely complex particle morphology 
with largest particles known as grains, with size ranges 50-250 pm (8). Inside each 
grain are smaller primary particles of about 0.7 pm. To obtain good mechanical 
properties, PVC must undergo fusion or gelation in which 'grain boundaries are 
elffi-dnated to a specified extent and primary particles are at least partly destroyed (9). 
With PVC, a distinction is commonly made between, plasticised grades'and 
unplasticised grades (PVC-U). The ratio of the PVC-U to plasticised PVC in semi- 
finished and finished articles has been constantly changing in favour of PVC-U. From 
25 % in 1960, PVC-U's share rose to 51% by 1970 and now stands at 65 % (4,7). 
Rubber toughened PVC-U or high impact PVC-U is one such important class of rubber 
toughened plastics material which has been developed and has a wide application in the' 
building and furniture industries. One of the areas in which high impact unplasticised 
PVC is important is in the manufacture of window frames and associated (tough and 
weatherable) products. I 
Traditionally, window profile has been made"from wooden materials. Timber window 
profile has a major advantage of being a thermal insulator but its major drawback is its 
low resistance to weather which can be minin-ýised onlY with regular maintenance (10). 
Window frames made from PVC-U have already achieved a proven record of 
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performance'in a demanding role. - The advantages of PVC-U window profile are its 
durability and toughness,, flame retardancy, ability of having integral colour-fastness 
and weather/corrosion resistance (thus eliminating the need of protective maintenance), 
its chemical inertness and good service life. The ease of designing and production, 
coupled with ease of installation also promote the increasing used of PVC-U window 
profile. The application of toughened (impact-modified) PVC-U as window profile 
started in the early 1960s in Germany'and grew relatively quickly in Central'Europe. 
By 1980 the demand for PVC-U window profile exceeded the demand for wooden 
profile (11). In recent years,, the use of PVC-U window profile has also become more 
attractive to the British public, with a demand of 20,000 tonnes in 1983 rising to 
130,000 tonnes in 1992 (12,13). The main reasons behind the increasing growth of 
PVC-U window profile in the ý United Kingdom are the window replacement culture 
created by double glazing and replacing the long tradition of poor quality softwood 
windows for newly built houses (13). 
However unmodified PVC-U has the- disadvantage of being prone to occasional 
brittleness and is notch sensitive. High impact resistance is therefore important in the 
window frames application for: 
problem-free -transport, installation and assembly where the end products -are 
subjected to occasional impact loading. I, 
(ii) retention of mechanical properties during long term use over a wide temperature 
range. 
PVC foam represents another area of interest in the current PVC applications., As with 
solid PVC, a distinction is commonly made between plasti6ised grades and 
unplasticised grades. The usage of PVC worldwide in rigid foam applications has 
increased phenomenally over the last decade. Between 1991 and 1994, the world 
annual growth rate of PVC-U foam was greater than 15 % per annurn (14). There are 
currently three major market areas for PVC foam: sheet, profile, and foam core pipe. 
Impressive market growth rates are forecast for rigid PVC foams, particularly in 
timber-replacement applications in the building and construction industries, for which 
the weather resistance and high specific stiffiiess of such materials are important 
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attributes. The other benefits that vinyl foam offers are low cost per unit volume, high 
specific rigidity, light weight, improved thermal insulation, and most importantly, the 
ease and versatility of being able to be machined. The impact strength of structural 
foam is, however, usually, lower than the solid counterpart material, due to the lower 
density, and stress concentrations in the cellular structure. The mechanical properties 
of structural foam depend on the through-thickness density, the size and uniformity of 
the cells, the relative amounts of dense skin and foamed core, and surface texture(IS). 
To increase the impact resistance, - multi-phase systems consisting of PVC and a rubber 
component, known as impact modifiers, were developed and are being used in window 
frame formulations. There are several types of impact modifiers available which 
include chlorinated polyethýlene (CPE), ethylene vinyl acetate (EVA), and acrylate 
modifiers, added either as a blend constituent or copolymerised with PVC (16). More 
than 80% of the PVC raw materials used in Western Europe for window frames are 
currently impact modified with polyacrylate due to the many advantages offered over 
PVC/CPE and PVC/EVA systems in window frame applications (17). 
The understanding of the toughening mechanism in impact modified PVC is important 
to account for the factors affecting property optimisation. This subject of toughening 
mechanism in the area of rubber-toughened polymers has attracted substantial interest. 
Much of the early work on -toughening, mechanisms centered on high impact 
polystyrene (HWS), since it was the first rubber modified plastic of commercial 
importance (2). The first explanation for the toughening mechanism was proposed by 
Mertz et al. (18) who suggested that the increased energy absorption in a heterogenous 
blend represented the energy required to fracture the glassy matrix added to the work 
to break the rubber particles as the crack passed through them. However, the main 
disadvantage of this theory is that it is concerned primarily with the rubber rather than 
the matrix. Later, Newman and Strella (19) showed that this model was incorrect. 
They demonstrated that the excess energy absorption gained by addition of rubber far 
exceeds that required to break the rubber, even in the unlikely event that the rubber 
particles were stretched to a very high breaking strain. Consequently, this mechanism 
plays only a minor role in the toughening of rubber-toughened polymers. 
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Further toughening theories concentrated on the deformation mechanisms associated 
with the matrix, which are enhanced by the presence of, the rubber phase. The 
whitening which accompanies the deformation or fracture of rubber-toughened 
polymers suggested an alternative means of energy absorption. Schmitt and Keskkula 
(20) proposed that the whitening and the energy absorption arise from the formation of 
many microcracks around the rubber particles. However this hypothesis was rejected 
since it requires the expenditure of very large quantities of surface energy in 
microcrack formation and also provides little explanation for the increased elongation 
and cold drawing tendencies of rubber-toughened polymers. 
Newman and Strella (19) demonstrated that the matrix absorbed more energy than the 
rubber particles and proposed that the rubber particles in fact triggered yielding in the 
matrix. The increased energy absorption in rubber-modified plastics is caused by 
increased cold drawing of the glassy matrix polymer. The idea that toughening in 
polymers is enhanced by shear yielding (i. e. local deformation in the matrix) was thus 
founded. However, this proposal did not account for stress'whitening, -a characteristic 
of rubber toughening. Further-studies have elucidated a better understanding of the 
detailed micromechanisms of systems which deform preferentially by shear yielding. 
The major toughening mechanisms are thought to be cavitation of rubber particles'and 
shear yielding of the matrix (21,22). The cavitation of the rubber particles explains the 
observed stress whitening as light scattering occurs which is enhanced by the holes 
enlarging. 
There have been relatively few studies on toughening mechanism of impact-modified 
PVC-U at high strain rate and most of the research, concentrated on MBS and ABS 
impact-modified PVC. The first study reported was by Petrich in 1969 (23). His study 
on MBS-modified PVC has indicated that a primary contribution of the modifier is to 
increase toughness by lowering of the yield stress of the PVC. Electron microscopic 
studies and density determinations on strained samples indicated no crazes in these 
modified PVC systems which suggests that mechanism of impact reinforcement in PVC 
is based on the enhancement of localized yielding in the vicinity of the rubbery modifier 
particles. 
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Breuer el aL (24) investigated the causes of stress whitening in MBS modified PVC. 
They also did not detect any crazes using electron microscopy except for a few near 
the sample surface. By using transmission light microscopy, it was demonstrated that 
the ruptured rubber particles were accumulated in bands which corresponded to shear 
bands in the PVC matrix. They concluded that the rubber particles improved the 
impact strength of PVC by initiating shear bands and not generating crazes. 
One of the important variables in structure-property relationship study of rubberý 
toughened polymers is rubber particle size. Numerous studies have shown that there is 
an optimum particle size for each rubber toughened polymer (25)., Extensive studies 
on toughening mechanisms in various rubber modified polymers and relationship 
between structure and efficiency in shifting the ductile-brittle transitions have been 
reported (2,26). 
Dompas et al. (27) studied the effect of rubber particle size and dispersion on 
deformation mechanisms and mechanical properties of PVC/MBS blends. They also 
concluded that MBS rubber particle cavitation or debonding leads to a higher impact 
toughness of the PVC/MBS blend by enhancing the ductile shear yielding mode. From 
Izod impact data, they deduced that there exist an optimum in the energy absorbed by 
the specimen as a function of particle size, which is around 170-250 nm depending 
upon MBS particle type. 
As mentioned earlier, the current trend in window frame application shows the 
importance and popularity of high impact-acrylate-modified PVC-U. Therefore the 
objective of this research is to extend the existing knowledge of toughness 
enhancement in rubber-toughened polymers materials to acrylate rubber-modified 
PVC, similar to compounds used in window frame applications. Earlier work was 
conducted at Loughborough University to look at various aspects of the process in 
relation to processing, the morphology and subsequent impact properties of acrylate- 
modified PVC (28). Using instrumented falling weight impact tests in the flexural 
mode, a technique was developed enabling the fracture mechanics principles to impact 
modified PVC. Part of this project will involve more extensive tests developed from 
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this technique: Studies on toughening mechanisms at high strain rate and structure- 
property relationships will also be carried on acrylate rubber-modified PVC since very 
little work has been done in this area. 
The knowledge can then be applied to further improve'the impact resistance of foamed 
PVC, since there have been relatively few studies of impact properties in foamed PVC 
(29,30). Thomas and Quirk, (29) studied the use of bottle recyclate in rigid foam PVC 
in which instrumented falling weight impact tests were carried out on samples 
containing different concentrations of recyclate/virgin blend. Szarnborski and 
Buterbaugh (30) reported the effect of foaming techniques on various properties 
including impact resistance. In this project, it was planned to improve the impact 
resistance of the PVC foam through: 
impact modification of the rigid fown compound, and 
co-extrusion process in which improvements in impact properties may be achieved 
by the use of a high impact, rubber modified skin. 
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1.2 Objectives 
The overall objectives of the project can therefore be divided into several sections: 
(1) Ductile-brittle transitions in impact modified PVC-U. - 
To use an instrumented falling weight impact test method to determine ductile-brittle 
transitions in acrylate elastomer modified PVC-U and to study the effects of: 
0 rubber particle size 
0. strwn rate 
0 temperature 
(2) Impact modification mechanisms in acrylate modified PVC 
To develop techniques using the Scanning Electron Microscope (SEM) and the 
Transmission Electron Nlicroscope (TEM) for the study of the deformation, 
toughening and fracture mechanisms in acrylate modified PVC, under high velocity 
loading.. 
(3) Fracture properties of impact modified PVC 
To quantify the impact fracture process by calculating various impact ffacture 
toughness parameters and to investigate the effects of 
temperature 
strain rate 
Also, to determine the validity criteria for the high impact PVC fracture mechanics 
parameters under these conditions. 
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(4) Impact modification of twin screw extruded of PVC-U foam 
(i) To enhance the impact resistance of PVC-U foam through impact modification 
with acrylate elastomers. 
To study the effect of the following parameters on impact, fracture and flexural 
properties of extruded PVC-U foam compounds: 
* impact modifier addition level 
o blowing agent addition level, hence profile density. 
(5) Co-extruded PVC-U foam with impact modiried skin. 
(i) To enhance the impact resistance of PVC-U foam skin acrylate impact modified 
PVC as the skin layer on the profile. 
(ii) To study the effect of the skin thickness on impact and flexural properties of 
the co-extruded rigid PVC foam profiles. 
(6) Overview of impact failure in acrylate modified solid and foamed PVC-U 
proriles 
II 
To provide an overview of impact failure in solid and foamed PVC profiles 
modified by acrylate elastomers 
To suggest how property enhancement may best be achieved, according to end- 
applications 
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LITERATURE REVIEW 
2.1 Poly(vinyl chloride) (PVQ: Structure, Properties and Applications 
2.1.1 General Introduction and Historical Background 
Poly(vinyl chloride), commonly known as PVC, is a class of polymeric material with a 
fundamental repeating unit : 
C1 
polyvinyl chloride 
[--ýý, 
12--, CH-]" 
where 'n' denotes the degree of polymerisation. The molecular weight of the PVC 
affects both the processability and the physical properties of the compound. In general, 
the higher the molecular weight, the greater the difficulty in processing and the higher 
the physical properties. In commercial resins, the number average molecular weight is 
in the range of 50,000 to 100,000 (1). 
PVC was first recognised and characterised more than 100 years ago, but poor thermal 
stability makes processing difficult. However, with the development of suitable 
stabifiser systems, this problem has been overcome and the first commercial production 
started in Germany in the early 1930's (2). Shortages of rubber during World War 2 
created opportunities for plasticized PVC in applications such as sheeting and electrical 
insulation (1). Since then, PVC has been used extensively to become one of the worlds 
leading synthetic polymers due to being relatively cheap and extremely versatile. The 
versatility of this polymer is its ability to incorporate additives to suit many different 
applications. Besides these, the other factors, responsible for rapid growth of PVC are: 
* good physical, chenkal and weathering properties 
e processability by a variety of techniques 
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2.1.2 Polymerisation of Vinyl Chloride 
PVC is manufactured commercially mainly by the suspension, mass, -and emulsion 
routes. The recent figures show that due to technological and economic advantages, 
the suspension polymerisation process dominates, with a 76 % share of the market (3). 
The general suspension polymerization process has been described widely in the 
literatures (4-6). In this polymerization process, the VCM is dispersed in water and the 
process is initiated using free radical initiators such as azo compounds or peroxides. 
The vinyl chloride and polymer formed exist in discrete macroscopic droplets before, 
during and after the polymerization. 
The suspension is continuously agitated and maintained at constant temperature 
through removal of the heat of reaction, since the polymerization is an exothermic 
reaction. The temperature and pressure remain constant during the polymerization 
process up to about 70% conversion, at which the reactor pressure begins to drop 
because of the absence of liquid monomer. The rate of conversion increases 
throughout the polymerization, but begins to decrease as pressure drops. The reaction 
is then terminated at a specific conversion depending on product quality requirements. 
The unreacted monomer and PVC/If2O slurry are transferred to a dump tank. The 
unreacted monomer is degassed into the recovery system and stored in a separate tank 
to be recycled back into the reactor with fresh monomer. 
Most vinyl chloride is now produced using ethylene, chlorine, and oxygen (or air) as 
feedstock (7). From economic point, PVC has advantage over other major 
thermoplastics such as polyethylene, polystyrene and polypropylene because chlorine 
which is produced mainly from common salt (NaCl) is also needed for the production 
of vinyl chloride (hence PVC). On weight basis, chlorine accounts for 56.8 % of the 
total weight. PVC is hence less affected by the costs of petroleum than are the other 
three thermoplastics, petroleum and natural gas prices will probably rise in the future 
more rapidly than chlorine prices. Since feedstock costs are by far the single most 
important cost in producing monomers, PVC's prices will probably increase less 
rapidly than those of the other three thermoplastics. 
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In the production of vinyl chloride, three different types of reactors are employed in the 
major process for the main reactions (Figure 2.1). About 90% of all vinyl chloride is 
produced by this balanced process; a balanced process is defined here as one in which 
product of one reactor is used as feed to another reactor. 
Ethylene is first chlorinated to produce 1,2-dichloroethane, which is then pyrolyzed to 
produce vinyl chloride and hydrogen chloride: 
CH 2ýCH 2 
*+ Cl 2 -" 
CH 2 CI-CH 2 
cl 
c H, 2 cl-CH 2 Cl - 
CH 2ýCHCI + HCI 
(2.2) 
Then additional ethylene, the hydrogen chloride from reaction (2), and oxygen (or air) 
are reacted to form 1,2-dichloroethane; this reaction is normally referred to as an 
oxychlorination reaction. 
CH =CH + 2HC1 +10 "' CH cl-CH Cl +H0 
(2.3) 
2222222 
Adding reactions (1), (2) (taken twice) and (3) yields the overall reaction for balanced 
process shown in Figure 2.1: 
2CH =CH + Cl + 
10 
-p- 2CH =CHCI +H0 (2.4) 2222222 
In addition to the economic and process control advantages, the suspension PVC 
powder has size, shape and surface area which are more adaptable to the special 
processing techniques for fabrication. Dry blends based upon suspension PVC have 
good flowing properties, good resistance to agglomeration and good feeding behaviour 
into screws during extrusion. 
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2.1.3 Morphology of Poly(vinyl chloride) I. 
The PVC resin particle is unusual in structure and to understand the properties and 
processing of this unique polymer requires an understanding of its structure or 
morphology. After polymerizatioriý PVC possesses a specific morphology as illustrated 
by Figure 2.2. Powder particles which are visible to the naked eye are known as 
grains. 
In the literature there is consensus that PVC grains consist of agglomerations of 
primary particles (8-11) but the terminology used to describe the morphology is varied 
and confusing. In an attempt to obtain consistency and to solve the problem of the 
morphology terminology, 
deil (12) published a table with proposed terminology. This 
formed the basis of the nomenclature proposed by Allsop (8) and adopted here (Table 
2.1). Further discussion on the morphology will be based upon the table published. 
Table 2.1 PVC Nomenclature 
Term Apprommate size Origin or description 
Range (ym) Average 
(4m) 
Grain 50-250 130 Visible constituents of free flowing powders, made up 
of more than I monomer droplet 
Sub-grain 10-150 40 Polymcrised monomer droplet 
Agglomerate 2-10 5 Formed during early stage of polymcrisation by 
coalescence of primary particles (1-2ýLm). Grows with 
conversion to size shown. 
Primary 0.6-0.8 0.7 Grows from domain. Formed at low conversion (less 
particle than 2 %) by coalescence of micro-domain: grows with 
conversion to size shown. 
Domain 0.1-0.2 0.2 Primary particle nucleus. Only observed at low 
conversion (less than 2*/o) or after mechanical working. 
Term only used to describe 0.1 gin species; becomes 
primary cle as soon as growth starts 
Mcro-domain 0.01-0.02 0.02 Smallest species so far identified. Aggregate of 
-I 
polymer chains -probably about 50 in number. 
The unique structure or morphology has its origins in the manufacturing process in 
which the growth of PVC takes place through a series of aggregation steps, as shown 
in Figure 2.3. The monomer droplets undergo controlled coalescence during 
polymerization to give rise to an irregularly shaped grain having an average particle 
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size'of about- 130 microns. In the early stages of polymerization a skin or pericellular 
membrane is formed and as polymerization continues, this membrane develops to a 
thick wall (around 10-20nm) that completely covers the surface of the granules. Since 
this skin is semi-permeable, it contributes to the overall porosity of the resin. The size, 
shape and porosity of this grain is very dependent on the type and concentration of the 
suspending agents used and on the amount of agitation (e. g. agitator speed and type, 
size and shape baffles). The more porous grades of resin are intended for flexible 
applications, the less porous for rigid applications. 
Microscopic examination of this PVC grain shows that it is composed of an 
agglomeration of sub-grains which are about 40 microns in average size. These are the 
stabilized monomer droplets, which during the initial phase of polymerization (about 5- 
15% conversion), coalesce to form the PVC grain. Further microscopic examination of 
these subgrains show that they are made up of primary particle agglomerates which are 
about 5 microns in average size. These are formed during the early stages (2-5% 
conversion) of polymerization 'by coalescence of primary particles. These primary 
particles are about 0.7 micron in size and are formed at very low conversion (less than 
2%). 
Within the monomer droplet suspended in the water, the first aggregate'of polymer 
chains that precipitate, about 50 in number, form the smallest PVC species identified so 
far, the microdomain, which is about 0.02 micron in size. The domains, formed by 
agglomerations of the microdomain, constitute the primary pardcle nucleus. The term, 
microdomain, is only used to describe the 0.2 micron species because it becomes the 
primary particle as it starts to grow. 
2.1.4 Fusion of PVC. 
The fusion or gelation of PVC is the process of elimination of grain boundaries, and the 
PVC agglomerates, primary particles, -domains, and micodomains are homogenised to 
produce a continuous, uniforni molecular structure (13). The degree of fusion of PVC 
has a profound influence on mechanical, physical and chemical properties. 
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2.1.4.1 Mechanisms of Fusion -I 
Allsopp (14) reported on a complete analysis of the fusion mechanism during 
processing and he categorised the mechanisms into comminution and CDFE (as shown 
in Figure 2.4), depending upon the processing route. He also made a classification of 
processing machinery in terms of the comminution/densification mechanism of gelation 
(see Figure 2.5). 
(A) Comminution Mechanism - 
In this mechanism, it is proposed that if pressure or other shear forces are applied 
before grain densification is complete, such as in the shear intensive Brabender 
Plastograph, then there is a breakdown of the PVC grains into primary particles and 
agglomerates, followed by subsequent fusion of these entities into a 'gelled' mass (see 
Figure 2.4). Similar mechanism was also being put forward by Benjamin (15) who 
divided the process into two distinct phases: 
i) breakdown of the PVC grains into primary particles 
ii) further breakdown of the primary particles through addition of heating and shearing, 
and the formation of a molecular network of entangled PVC chain segments. 
(B) CDFE mechanism 
Allsopp has put forward a different mechanism for fiision in an extruder (which is less 
shear sensitive process) involving compaction, densification, fiision and elongation of 
the grains - CDFE mechanism. In this process the grains undergo compaction at a very 
early stage followed by densification. Internal fusion then takes place and the grains 
become subject to shear stress and become elongated and finally melt is observed. This 
CDFE model is supported by Gilbert et al. (16) who confirmed that in twin screw 
extrusion the main route for fiision was through the deformation of grains by low 
shear. They also extended Allsop's theory by postulating a melting and 
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recrystallisation process, leading to a network formation of molecules linked by small 
or imperfect crystallites formed during the cooling that follows extrusion. 
2.1.4.2 Detennination of the Degree of Fusion of PVC 
The degree of fusion is the extent to which the boundaries established during the 
polymerization process are broken down. PVC must undergo fusion in every 
fabrication process in order to achieve its best mechanical properties. During this 
process of fusion the PVC, polymer passes from a grain structure with very poor 
mechanical strength, to a fused mass with high degree, of molecular entanglement 
possessing very good mechanical strength. Therefore it, is very important to measure 
the degree of fusion of the processed PVC compounds as many of the properties are 
dependent on the degree of fusion. The state of fusion reached can be observed either 
by monitoring the state of progression of breakdown, or by noting the state of 
development of a continuous molecular network. Over a number of years a variety of 
methods have been developed in PVC products, some of which are now summarised. 
(A) Thermal Analysis 
The application of Thermal Analysis to evaluate thermal history and level of fusion of 
processed PVC samples has been reported in a number of publications (17-19). Gilbert 
and Vyuoda (17) used a Du Pont 990 Thermal Analyser fitted with DSC cefl, an 
instrument which measures the heat necessary to raise a specimen of the test material 
through a selected range of temperature and displays the endothermic or exothermic 
effects encountered. Samples of a PVC-U compound were compression moulded at- 
various temperatures and subsequently examined in the analyser in which they were 
heated from room temperature to 240 T at 20 T min7l. The DSC traces obtained are 
shown in Figure 2.6 and the interpretation is given as Mows. 
There is first an endothermic baseline shift which corresponds to the glass transition 
temperature of the polymer. In addition, two enclothermic peaks A and B were 
identified. Peak B represents the melting of the primary crystallites. It decreases in 
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size and shifts to a higher temperature as the processing temperature increases. The 
size decrease was attributed to the melting of less perfect or smaller crystallites, whilst 
the temperature shift was caused by annealing of unmelted crystallites. As the 
processing temperature is increased endotherm A appears to increase in size. Gilbert 
and Vyuoda (17) plotted the size of A against processing temperature and noted the 
development of a steep rise in area at a similar temperature to the initial increase in 
extrusion 'pressure found in the fusion curve obtained by capillary rheometry, - Thus 
they identified this technique as a potential method of assessing the state of fusion. In 
their analysis they suggested that the position of peak B provided information about the 
maximum temperature to which the polymer had been subjected. The area of A, they 
suggested, might be related to the degree of fusion. The nature of endothenn A is not 
yet fully understood but ii is possible that it is due to the formation of imperfect 
ordered regions which are produced as a continuous PVC network develops, and 
which subsequently melt on reheating. 
(B) Capillary Rheometry 
The principles behind the used of capillary rheometry determining the level of fusion in 
PVC have been discussed by Gilbert (18) and Lamberty (20). In such methods a 
capillary entrance pressure loss is measured using a zero length (low length to diameter 
(L/D) ratio) die at relatively low extrusion temperatures (e. g. 145 OC). With a very 
short capillary, the pressure drop is nearly identical to the entrance pressure drop and 
can be obtained from a single measurement. 
This method is a useful one as measurements are quick and simple. Fusion curves over 
a range of processing temperatures can be obtained and interpreted. The standard 
fusion curve depends on the processing equipment used, the particular compound and 
the K-value of the PVC and would therefore be an inconvenient method if a large 
number compounds are to be processed (18). The pressure loss is not absolute value 
of fusion and therefore arbitrary limits for 0 and 100% fusion need to be defined and 
set. A widely used practice is to establish a standard fusion curve using the following 
relationship (15,2 1): 
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% fusion = (P-Pb, / P-P x) xI oo 
where P is the pressure required to extrudate the sample of unknown fusion level and 
P,,, h and P.,,., the minimum and maximum pressure corresponding to the least fused and 
the most fused samples respectively. 
Winters (22) set limits of 0 and 100 % as being the values obtained from profiles 
extruded at the lowest (170 "C) and the highest temperatures (210 'C) in a given series 
of trials. Clearly, these definitions are arbitrary, and remain specific to individual 
studies: they are rarely suitable for cross reference. 
(C) Solvent Methods 
Immersion of processed PVC samples in a suitable solvent has been widely used for 
assessing fusion levels and this technique is described in a number of PVC pipe 
standards such as BS 3505 (23). The presence of unfused material leads to sample 
swelling or dissolution and product disintegration. In the BS 3505 test, a short length 
of pipe is immersed in acetone at room temperature; no delamination or disintegration 
must be observed after 2 hours immersion. A slight variation on this technique is 
where methylene chloride is used as a solvent and the fraction of whitened (attacked) 
area is expressed as a percentage of a wall thickness (18). 
2.1.5 Consumption and Applications of PVC 
PVC is one of the world's major thermoplastics, with a current global consumption of 
approximately 20 million tonnes per annum. (24,25). In Western Europe alone the 
usage in 1994 was 5.4 mill1ion tonnes, accounting for 19% of the total European 
consumption for thermoplastics (24,25). Between 1995 and 2005, world PVC demand 
is estimated to grow at about 4.1 % per annurn until 2005 (26). Growth prospects are 
particularly strong in the developing nations where annual per capita consumption is I- 
2 kg per person, compared with 30 kg per person or more in developed countries. 
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Table 2.2 shows the diverse of applications of PVC products (26). The ratio of the 
unplasticised PVC (PVC-U) to plasticised PVC in semi-finished and finished articles 
has been constantly changing in favour of PVC-U. In 1960 PVC-U accounted for 
only 25 %, it had jumped to 51 % by 1970 and now stands at 65 %(3,26). 
Table 2.2: The Vinyl Destination (PVC end-uses in Western Europe, 1995) (26) 
Applications Market 
Share (% 
Footwear 2 
Foam 2 
Flex, tubes & profiles 3 
Coatings 3 
Flooring 6 
Flex, film & foils 7 
Blow moulding/bottles 9 
Pipes & fitting 27 
Profiles (construction) 18 
Rigid film & sheet 10 
Cables 9 
Others 4 
One particular growth area during the last decade has been the extrusion of rigid PVC 
profile for the building and construction industries, which accounts for 18 % of 
Western European consumption in the year 1995 (26). According to a report by 
Corporate Development Consultants (27,28), the higher growth anticipated in building 
markets means pipe and profile production in Europe may reach 70 % of total demand 
by 2000. 
PVC foam represents another area of interest in PVC applications. As with solid PVC, 
a distinction is commonly made between plasticised grades and unplasticised grades. 
The usage of PVC worldwide in rigid foam applications has increased phenomenally 
over the last decade. Between 1991 and 1994, the world annual rate growth of PVC-U 
foam was greater than 15 % (29). There are currently three major market areas for 
rigid PVC foam: sheet, profile, and foam core pipe. Impressive market growth rates are 
forecast for rigid PVC foams, particularly in timber replacement applications in the 
building and construction industries, for which the weather resistance and high specific 
stifffiess of such materials are important attributes. The other benefits that vinyl foam 
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offers are low cost per unit volume, high rigidity, light, weight, improved thermal 
insulation, and most importantly, the ease and versatility of being able to be machined. 
2.2 Additives for Polyvinyl Chloride 
PVC is unique in the fact that not only it may contain additives to enhance specific 
properties, but it must contain additives to overcome several problems during 
processing including thermal degradation and high melt viscosity. Besides overcoming 
the problems during processing, a large number of additives is used in PVC technology 
to improve properties in PVC products such as impact strength, and also to reduce the 
cost. Uniform dispersion of the additive throughout the PVC compound is required to 
optimise , processing and physical properties. This can be achieved by. dry-blending 
using a high speed mixer. I- 
The additives which* are normally added to PVC-U formulation are as follows: - 
(1) Processing aids (2) Lubricants (3) Stabilisers 
(4) FiHers , (5) Pigments (6) Impact modifiers 
Blowing agents. are -a special type of additive used in PVC-U foam. Other 
miscellaneous materials used occasionally include flame retardants and optical bleaches. 
2.2.1. Processing Aids 
PVC-U has a high melt viscosity leading to some difficulties in processing operations 
such as in extrusion. Typical problems which occur without the processing aid are melt, 
fracture and shark skin. In order to overcome this problem, modifiers known as 
processing aids are added. Whilst a complete understanding of the role of processing 
aids in PVC has yet to be established, various mechanisms have been proposed (30,3 1). 
Processing aids must have a high level of compatibility and the most commonly used 
processing aids for PVC are acrylic polymers based upon PNOAA. They are thought to 
operate by accelerating the breakdown of PVC grains by increasing interparticle 
22 
Chapter 2 Literature Review 
ffiction when under stress during processing. Since the processing aids are generally 
compatible with PVC, the long chains interact to produce a stiffer and more elastic 
PVC melt. 
The way in which the processing aid overcomes the difficulties in processing has been 
summarised by Dunkelberger (30) as follows: '. - 
(A) Promote Fusion 
In the initial stages of the fusion and melting process of PVC, the polymer exhibits 
er and thus reduced adhesion to metal ý processing surfaces which delays heat transf 
fusion. This is particularl; important in an extrusion process where some degree of 
adhesion is necessary to convey'the material along screws' - The fusion promotion 
properties of acrylic processing aids can be observed using Brabender Plastograph or 
Haake Rheocord-. Using a Haake processing bowl in temperature programme mode, 
torque/temperature response can be recorded f6r'PVC compounds with and without 
acrylic processing aid. The-curvýs presented in Figure 2.7 clearly show the effeCt'of 
the processing aid on the initial fusion process of the compound: 
(B) Alter the Melt Rheology 
The melt rheology statement can be further divided into four groups: 
(i) Promotes Homogenous Melt 
In the processing of a PVC compound, it is important to have a homogenous melt at 
the temperature where the final fabrication is done, to achieve a high quality product. 
Only when there is a homogenous melt can defects such as melt fi-acture and shark skin 
be minimised. 
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(ii) Increases Melt Elasticity 
ffigh and consistent melt elasticity is important in many processing operations for PVC. 
The higher die entry pressure observed when the processing aid is present is a good 
indication of higher melt elasticity. In the foam PVC production, acrylic processing 
aids enhance uniform bubble formation by imparting necessary melt elasticity to the 
PVC formulation to trap the evolving gas and prevents the bubbles from coalescing. 
This leads to a uniform cell structure, and skin quality, and optimum mechanical 
performance. 
(iii) Increases Melt Strength 
The melt strength of a compound is the ability of the compound to deform to high 
stress /strain levels without fracture. High and consistent melt strength is an important 
property of PVC melts particularly in the extrusion blow moulding of bottles where 
resistance to the pull of gravity in parison control is critical. The improvement in melt 
strength is attributed to a kind of local reinforcement through the entanglement of the 
processing aid's longer, more flexible molecules with the shorter, stiffer ones of the 
PVC polymer. 
Ov) Controls Die Swell 
Die swell is a manifestation of the elastic properties of a polymer melt and is of 
considerable commercial importance, especially in profile and pipe extrusion processes. 
The resulting die swell and melt elasticity is also critical in extrusion blow moulding 
where control of parison geometry is necessary for achieving good bottle quality 
having a wide variety of shapes and high production rated. 
The effect of processing aid on processing of PVC has been widely reported. (30-33). 
Koisor and Stachurski (32) looked at the effect of PNEWA processing aid on PVC 
fusion using a Brabender Plasticorder over a range of mixer temperatures, charge 
masses and rotor speeds. The fusion process of both PVC compounds, i. e. with and 
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without PNEVIA processing aid was shown to proceed via a comminution mechanism, 
where the PVC grains were randomly broken into sub-grains and primary particle 
agglomerates. Concurrent with this breakdown, the cohesion of PVC agglomerates 
was observed. It was also found out that PNSU processing aids increase the 
coefficient between the PVC grains at low temperatures, LeAess than 120 'C, resulting 
in lower packed densities, which control the initial rate of grain breakdown and 
ultimate fusion. 
The effect of adding randomly copolymerized acrylic polymers on the processability of 
PVC has been studied by Ide and Okano (33). Their studies have shown that the rate 
of PVC gelation increases with increasing co-monomer content in the processing aid, 
and with reduced 'molecýlar weight, a result which suggests 'that low softening 
temperature processing aids work effectively, in this context. 
2.2.2 Lubricants 
Lubricants are chemical compounds added to PVC to facilitate processing, to modify 
the mode of floW and to control rate of processing rate. (2). A number of articles have 
been written on the lubrication of PVC compounds (34-36) and most investigators 
classify lubricants as external or internal depending on their processing performance. 
Typically, lubricants are classified as intemal when they'reduce melt viscosity of PVC, 
improve flow characteristics, and in doing so minimise, the shearing and ffictional 
forces created during processing. They are therefore more compatible with PVC 
compared to the extemal lubricants and produce little effect on fusion time. Lubricants 
are classified as extemal when they prevent PVC from sticking to the hot metal plate 
surfaces of processing equipment by the formation of a lubricating boundary layer 
between the polymer and the hot metal surfaces. 
The quantity of an external lubricant has to be chosen with care (5). If too little is used 
sticking problems occur; if too much the compound may develop haze and greasiness, 
and fusion of the compound may be slowed down. In addition, too much slip of 
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compound against machinery walls will prevent & development of the shear forces 
which are required to ensure fusion, and a smooth and even flow. In an extruder the 
extent of lubrication may be used to control the gelation of powder blends. - If this 
occurs too early then undue working of the polymer; causing some degradation, may 
occur before the material emerges from the die. On the other hand there should be 
sufficient time for proper gelation and homogenisation to take place before the die is 
reached. A further problem that may arise with lubricants is that because of their low 
compatibility they may deposit on to extruder dies, carrying with them particles of 
pigments, fillers and other additives. Such phenomenon, which is often more severe at 
high shear rates, is commonly known as plate-out. : 
Examples of lubricants usedin PVC compound and their classifications based upon the 
above defmition are shown in Table 2.3.1 1 
Table 2.3: Types of Lubricants and Their Classifications 
Type Classification 
Fatty acid such as stearic acid External lubricant 
Metal stearates such as calcium stearate. Internal/External lubricant' 
Glyceryl ester Internal lubricant 
Paraffin wax External lubricant 
The lubrication mechanism of calcium stearate/paraffin wax systems in PVC 
compounds was studied by Rabinovitch et al (37). Lubricants containing polar 
groups, which preferentially wet the metal surface, in'the presence of PVC such as 
calcium stearate are excellent metal lubricants. Non-polar lubricants which do not wet 
the metal surface, such as paraffin wax, allow PVC to stick to metal surface. When 
calcium stearate and paraffin wax are combined, a synergistic lubricating effect takes 
place (see Figure 2.8). The maximum synergism is observed at 75 paraffin wax and 25 
percent of calcium stearate. I 
26 
Chapter 2 Literature Review 
2.2.3 Stabilizers 
PVC is thermally unstable at normal processing temperatures and is strongly 
susceptible to thermal and photochemical degradation. PVC polymer decomposes as 
temperature is raised above 100 T with the evolution of hydrogen chloride and the 
development of colour in the polymer (white to yellowing to brown). Due to these 
reasons, the addition of suitable stabilisers is necessary for PVC to be heat-processed 
by conventional methods. 
The modes and mechanisms of PVC degradation and the action of stabilisers have been 
extensively studied and reported in the literature (2,38-42). Although a full 
understanding on this extremely complex subject has not yet, been achieved, the 
findings have resulted in considerable insight which includes the following (41): 
1) the reasons for the instability of vinyl chloride polymers. 
2) the ways in which degradation proceeds, and the resulting changes in the polymer. 
3) the ways in which stabilisers act and relation to (1) and (2) 
Because heat is one of the major causes of degradation during processing, thermal 
degradation and its prevention have attracted the most attention. The primary 
dehydrochlorination process during thermal degradation of this polymer involves three 
steps (41): 
1) initiation of HCI loss 
2) rapid zip-efimination of HCI and simultaneously formation of polyenes in the PVC 
chain 
3) termination of zipping process 
The thermal dehydrochlorination of PVC (which starts around 100 T) is much lower 
than the degradation temperatures for low molecular weight compounds taken as 
models for the 'ideal' PVC structure, e. g. 2,4,6-trichloroheptane (43). It has therefore 
been assumed that the low stability of PVC is caused by irregular structures in the 
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polymer, which activate the carbon-chlorine bond, creating 'labile chlorine'. The 
following structures have, for example, been discussed: 
(a) Initiators residues (b) Unsaturated chain carbons (c) Internal saturation 
(d) Branches (e) Head-to-head structures (d) Oxidation structures 
Based on experiments with low molecular weight model compounds it has been 
considered that chlorine adjacent to internal double bonds (internal allylic chlorine) and 
chlorine on branch carbons (tertiary chlorine) should be the most labile structures in 
PVC, and the main reasons for the low thermal stability. 
The complexity of the degradation processes which have been described means 
inevitably that the stabilisation process must be at least equally complex and that 
effective stabilisation almost certainly depends on the efficient operation of one 
process. Generally it is accepted that a substance could contribute effective stabilising 
activity on vinyl chloride polymers by the following types of action (43): 
1) Reaction with HC1 and its removal from the system is a principal requirement since 
HC1 is not only a primary degradation product but has been shown to have a 
catalytic effect on the rate of reaction as well as an adverse effect on the colouration 
through the formation of coloured polyene-HCI complexes. 
2) Reaction with and stabilisation of the abnormal structural features which may be 
present in the polymer and which introduce instability is necessary to minimise the 
number of initiation sites. 
3) Interference with the chain mechanism, e. g. by scavenging reactive chain 
propagators, usually free radicals, will reduce the overall degradation rate. 
4) Non-chain decomposition of peroxy and hydroperoxy compounds which have been 
shown to be thermally and photochemically unstable is an important requirement. 
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The vast majority of stabilisers for PVC can be loosely classified under the following 
broad headings (2,39,42): 
" Inorganic metal salts, particularly of lead and barium 
" Metal salts or other salts of organic acids particularly of barium, cadmium, 
magnesium, zinc, lithium, manganese, strontium, aluminum and sodium 
" metal complexes, particularly of barium, cadmium and zinc 
" organotin compounds 
" epoxy compound (co-stabilisers) 
" organic phosphites, Chelators and antioxidants 
The most important class. of stabilisers are the lead compounds which form lead 
chloride on reaction with hydrogen chloride evolved during decomposition (5). PVC 
building products are preferably stabilised with lead, mainly due to their technical 
performance and also for economic reasons (44). However, lead compounds represent 
a health hazard, and exposure must be minimised. The latest lead-free stabilisers 
systems are under continuous evaluation by manufacturers and users, but so far a 
breakthrough from the lead-free systems has not been achieved. Some recent results 
(45) suggest that progress is being made towards the development of a calcium /zinc 
stabiliser system suitable for window profiles, although the cost'effectiveness' and heat 
stability still need improving. I 
The use of organo-tin stabilisers - have also increased and confers a number of 
advantages, both to the processing of PVC and its end use properties, when compared 
to the possible alternatives. The advantages of organo-tin compounds has been 
discussed by Comini (46) and can be summarized as follows: 
e They are efficient, and thus can be used at quite low loading levels, nonnally below 
two parts per hundred of resin 
9 Organ6 tin mercaptides allow excellent colour and colour hold as wel-I as a high 
degree of clarity in transparent PVC, which is of particular benefit in packaging and 
in some building applications 
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e Certain compounds, in particular octyl tin derivatives, have very low toxicity and 
good leach resistance in rigid PVC, making them suitable for food contact 
applications or uses as potable water piping 
* The sulphur free compounds, although less efficient as heat stabilisers than thiotins, 
are able to confer excellent light stabifity, making them particularly suitable for 
outdoor appfication. 
e All organo tin stabilisers have good compatibility with the other types of additives 
used in PVC such as lubricants, impact modifier, etc., which minimises possible 
processing problems such as the plate-out of incompatible compounds on the 
machinery 
Relatively little work has been carried out on the effect of stabifisers on fusion, 
although Kulas and Thorshaug (47) discovered a marked difference in the influence of 
tin and lead stabilisers on the rate of fusion in a single screw extruder. This they 
explained, in part, by the chemical structure of the particular stabiliser, ý 
2.2.4 Fillers I 
For many years the use of unfilled PVC compounds was commonplace until it was 
realised that reasonable quantities of filler could be incorporated into the blends whilst 
slightly modifying certain properties such as hardness, rigidity, viscosity and colour, but 
at the same time resulted in substantial cost savings. In 1957 Phillips and Youde (48) 
compared the behaviour of a number of mineral fillers, and clearly showed that calcium 
carbonate fillers were the most suitable in a wide range of PVC applications. 
According to King (49), considerable loadings of calcium carbonate may be made 
before properties such as hardness, mechanical strength and low-temperature 
properties are affected. 
Mathur and Vanderheiden (50) made a study on the use of precipitated calcium 
carbonates in PVC siding and profile applications. They have found that a precipitated 
calcium carbonate of optimum particle size can provide a unique and valuable 
combination of property improvements. Amongst the conclusions from the research is 
30 
Chapter 2 Literature Review 
that precipitated calcium carbonates with prismatic morphology, an average particle 
size in the range 0.07-0.50gm, and surface treated with a fatty acid were found to 
provide the best long term impact retention in PVC sidings. 
Arnold et aL (5 1) also showed that the influence of filler level on the colour and 
surface gloss of a window profile. Increasing the concentration of a filler causes a 
reduction in whiteness/- increase in yellowness, together a reduction in gloss. A 
comparison between precipitated and coated fillers showed that the precipitated filler 
has a much higher gloss than the coated filler. This could be important if high gloss is a 
requirement for long term weathering in specific climates. 
Plaskett (52) made a study on the effect of coated -and uncoated calcium carbonate 
fillers on fusion process and subsequent end product properties. She showed that the 
presence of filler, irrespective of particle size, generally increased the fusion in the PVC 
pipe. The exception to this came when the filler was heavily coated with stearic acid. 
The level of fusion in the pipe was directly related to the filler's specific surface area, 
such that fine fillers improved fusion more so than coarse grained ones. 
A wide variety of other types of fillers have been used in PVC formulations, which 
include talc, clays, carbon black; mica, wood flour and asbestos (2). 
2.2.5 Impact Modifiers 
Rigid PVC products and profiles manufactured from unmodified rigid PVC resins show 
good properties such as good weathering resistance but they can berelatively brittle 
and notch sensitive. These problems become even more pronounced in cold climates. 
These disadvantages, however, are overcome with the use of impact modifiers which 
are added to increase toughness of polymer and to increase'the range (temperature and 
strain rate) over which a ductile response to mechanical loading occurs. The impact 
modifiers can be incorporated in the formulation by blending, or by grafting the vinyl 
chloride monomer onto a suitable elastomer backbone. Various types of impact 
31 
Chapter 2 Literature Review 
modifiers have been developed and are used commercially. For window applications, 
the modifiers used include CPE, EVA and polyacrylate polymers (53). 
The essential conditions of impact modifiers to produce a polyblend with high impact 
strength are given as follows (54): 
(1) The glass transition temperature of the elastomeric component should be well 
below the test temperature. The rubber component should have a Tg at least 20 - 
40 T lower to work effectively under the high rate of deformation in an impact 
test. 
The elastomeric material must form a second phase, weR distributed in the rigid 
polymer. 
(3) There should be good adhesion between the two phases. 
The other requirement of efficient impact modifiers for PVC applications are given by 
Gomez (55) as follows: 
(1) For clear applications like bottles and film, the refractive index of the modifier 
should be the same value as that of the matrix (hence use of NMS). 
The modifier must not reduce the good properties of the base PVC such as low 
permeability and high modulus. In packaging applications, low permeability and 
low order of taste and odour must not change. 1 For window profile applications, 
the modulus must not be significantly reduced. 
(3) The modifier must have good thermal as well as light stability. 
(4) For economics reason, they should be effective at low levels, i. e., 4 to 10%. ', - 
A more detailed discussion on the role of impact modifiers is given in section 2.3 
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2.3 Toughening Mechanisms of Rubber-Toughened Polymers 
2.3.1 Theoretical Background for Yielding Mechanisms 
To understand the toughening mechanisms of rubber toughened polymers, the 
understanding of the large strain behaviour of the homogeneous plastics is necessary, 
the reason being that the deformation mechanisms responsible for large strains in 
toughened polymers are essentially the same as those observed in the homogeneous 
glassy polymers from which they are derived (56). The rubber is present'as a discrete 
dispersed phase within the glassy matrix, and cannot itself contribute directly to a large 
deformation: the matrix must first yield, or fracture around the rubber particles. In a 
sense, therefore, the rubýer acts a catalyst, altering (concentrating) the stress 
distribution within the matrix, and producing a quantitative rather than a qualitative 
change in deformation behaviour. 
At strains of the order of 0.2%,, glassy polymers- begin to show evidence of local 
plastic deformation. There are essentially two main modes of plastic deformation 
mechanisms, shear yielding and craze formation. These two types of deformation 
are discussed separately and possible interactions between them are also considered. 
2.3.1.1 Shear Yielding 
Shear yielding is the distortion of shape without significant change in volume and 
density on stressing a material beyond the yield point (56,57). It occurs without loss 
of intermolecular cohesion in the polymer. In amorphous polymers it may consist of 
either a diffuse shear yielding throughout the whole of the stressed region, or it may be 
localised to give clearly defined shear bands in highly strained samples. 
Shear bands are thin planar regions of high shear strain generated on stressing an 
amorphous polymer beyond the yield point. They arise due to the presence of flaws or 
stress concentrations and as a result of strain softening in these regions. The band 
propagates in the direction of maximum resolved shear stress, which is at 45* to the 
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direction of the applied stress, or at a somewhat larger angle if the material dilates. 
The shear bands are bireffingence and are therefore best observed by transmitted 
polarised light. 
(A) Yield Criterion 
A yield criterion is a critical condition that must be satisfied by the applied stress tensor 
for yield to occur. The criteria for shear yielding in plastics have been discussed in 
detail by, various authors (57-59). In attempting to formulate yield criteria for 
polymers, the plasticity theory developed for metallic materials is used as the starting 
point. Several criteria have been formulated and are discussed here (57-59): 
(i) Tresca criterion 
The Tresca criterion is the simplest criterion which states that yield will occur when the 
maximum shear stress on any plane in the material reaches a critical value, which 
depends on the nature of the material. It may be written as: 
I 
Cyl C73 
I= 2T 
T 
(2.5) 
i 
where, aj>q2>a3, and cF,, cr2 and 'U 3 are the principal stresses. The value of r is 
usually taken to be the yield stress of the material in pure shear, i. e. TT, thus: 
I 
CII (73 
1= 2TT = Gy (2.6) 
where ay is the uniaxial tensile yield stress. The Tresca yield criterion was originally 
developed for metals, but it is not, satisfactory for most metals except for mild steel. 
The Tresca criterion also becomes more complex in the case of plastics where the 
yield strength in compression is greater than in tension. Therefore based on 
experimental evidence, the Tresca yield criterion is not sufficient to describe the shear 
yield behaviour of polymers. 
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(ii) Von Mises Criterion 
Homogenous yielding of metals is better described by The Von Mises criterion, which 
states that yielding occurs when the maximum distortional energy reaches a critical 
value. The criterion may be stated as: 
I 
Cyl - Cy 2 
12+ 1 
C72 - CF 3 
12+ 1 
Cr3 - Cyl 
12= 6-rM2 (2.7) 
where the constant -cm is the shear stress for flow in pure shear, i. e. Ty. Hence it may 
be written as: 
I 
al - Cr2 
12+ 1 
CF2 - Cy 3 
12+. l 
a3 _ a, 
12= 6TY2 (2.8) 
This criterion, for a Hookean material, is equivalent to stating that yield will occur 
when the elastic shear strain-energy density reaches a critical value. It is obeyed fairly 
well for most metals. I 
Uniaxial tensile tests conducted in a pressure chamber show that yield stresses. of 
polymers increase significantly with hydrostatic pressure. In both the Tresca and Von 
Nfises criteria the yield stress is independent of the hydrostatic component of the 
tensor. This will mean the Von Mises criterion, together with the Tresca criterion as 
mentioned previously are not sufficient to describe the shear yield behaviour of 
polymers where the hydrostatic pressure affects the yield stress. 
(iii) Mohr-Coulomb Criterion 
To overcome the problem stated above, several solutions have been suggested. The 
first is to use the Mohr-Coulumb yield criterion which states that failure will occur 
when the shear stress on any plane in the material reaches a critical value which varies 
linearly with the stress normal to that plane. This criterion is similar to the Tresca 
criterion and is now given by: 
0 TC : -- TC - llccy,. 4 (2.9) 
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The quantity (IN is the stress acting normal to the plane on which failure is occurring, 
ji, is a constant analogous to a coefficient of ffiction and xc is the 'cohesion' of the 
material. Bowden (58) has discussed the theoretical difficulties in applying the Mohr- 
Coulomb criterion to polymeric materials and proposed a modified form of the Tresca 
criterion which is pressure dependent. 
(B) Yielding Under Multiaxial Stresses 
The discussion has so far concentrated upon yielding under applied shear or tensile 
stresses. The more general case of yielding under multiaxial loading is of interest, 
especially in connection with fracture, because the fracture resistance of a material is 
determined by its ability to develop a yield zone in the region of a crack tip, where it is 
usually in a state of triaxial tension. The approach adopted in developing a general 
yield criterion for plastics is tol take one of the established criteria for metals and to 
modify it by introducing a term including hydrostatic pressure p. Some use has been 
made of the Tresca and Coulomb yield criteria, but the main starting point has been the 
Von Nfises criteriow, 
(611 - 17-222)2 -' (622 a33)2 + (633 - C', 1)2 + 6(orr' 2 (2.10) 12 ++ 623 > 6C2, 
where crij are the components of the stress matrix. If the left-hand side exceeds 6C2, 
then yield has occurred. In metals, C is a constant; in plastics, it varies with p. 
-Several 
versions of equation (2.10) have been proposed, the simplest of which shows C 
increasing linearly with p. As already discussed, C is also a function of temperature 
and strain rate. 
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2.3.1.2 Crazing 
Another aspect of yielding which occurs in glassy polymers is crazing, which can be 
considered to be both a localised yielding process and the first stage of fracture. The 
subject of crazing has beenwidely covered (56,60,61) and an excellent review has been 
written by Kambour on crazing (62). 1 
When a tensile stress is applied to a glassy polymer, small holes form in a plane 
perpendicular to the stress. However, instead of coalescing to form a true crack, the 
holes becomes stabilised by fibrils which are aligned parallel to the tensile stress 
direction, as shown in Figure 2.9 (63). Crazed material has an average density which is 
less than that of the bulk polymer but the craze can still -support a significant load 
because of the oriented fibrils. Because'of their void-fibril structure and therefore their 
different refractive index from surrounding undeformed material; crazes scatter fight. 
The crazes can eventually break down to form cracks, and when the cracks grow to 
critical size the sample fails. Although crazes lead to failure in this way, they can still 
be useful, since if many crazes are produced before failure occurs (in many rubber- 
toughened plastics), a large amount of energy would have been absorbed by the 
material. A stressed material that contains a high density of crazes is said to have 
stress whitened because of its appearance as a result of this fight scattering. - 
The most direct method of studying the structure of crazes is by Transmission Electron 
NEcroscopy (TEM) of ultrathin sections (56). Crazes were found to generally consist 
of an open network of polymer fibrils between 10 and 40 nrn in diameter, interspersed 
by voids between 10 and 20 nm in diameter. Since crazes consist of approximately 50 
% by volume of voids, multiple crazing produces a significant increase in volume of a 
toughened polymer. The magnitude of the volume change is directly proportional to 
the amount of crazed material formed and this principle was applied by Bucknall and 
Clayton (64) in the first quantitative study of crazing in rubber-modified plastics. Low- 
angle X-ray scattering analysis of crazes in polystyrene made by LeGrand et al. (65) 
suggests that the craze is approximated as a collection of spheroidal or irregular- 
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shaped voids surrounded by material with anisotropic density distribution arising from 
its orientation in the stress direction., -, 
In rubber-toughened polymers, the toughening mechanism depends in the matrix and 
the role of rubber is to enhance the mechanism of toughening without any qualitative 
changes (56). The multiple crazing mechanism is found to be the dominant toughening 
mechanism is rubber-toughened polymers which are brittle in their untoughened state, 
such as polystyrene and poly(styrene-co-acrylonitrile) (56). 
2.3.2 Development of Toughening Mechanisms Theory 
For an understanding of the toughening mechanism in impact-modified PVC, it is 
important to account for the factors affecting property optimisation. This subject of 
toughening mechanism in, the area, of rubber-toughened polymers has attracted 
substantial interest. Much of the early work on toughening mechanisms centered on 
high impact polystyrene (HUPS) since it- was the first rubber modified plastic of 
commercial importance (56). The first explanation for the toughening mechanism was 
proposed by Mertz el al. (66) who suggested that the increased energy absorption in a 
heterogenous blend represented the energy required to fracture the glassy matrix added 
to the work to break the rubber particles as the crack passed through them., ý However, 
the main disadvantage of this theory is that it is concerned primarily with the rubber 
rather than the matrix. Later, Newman and Strella (67) showed -that this model was 
incorrect. They demonstrated that the excess energy absorption gained by addition of 
rubber far exceeds that required to break the rubber, even in the unlikely event that the 
rubber particles were, stretched to a very high breaking strain. ý Consequently, this 
mechanism plays only a minor role in the toughening of rubber-toughened polymers. 
Further toughening theories concentrated on the deformation mechanisms associated 
with the matrix, which are enhanced by the, presence of the rubber phase. The 
whitening which accompanies the deformation or fracture of rubber-toughened 
polymers suggested an alternative means of energy absorption. Schmitt and Keskkula 
(68) proposed that the whitening and the energy absorption arise from the formation of 
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many microcracks around the rubber particle. In this proposal the rubber particle was 
thought to function as both stress concentrator leading to microcrack formation and 
crack arrester preventing catastrophic failure. However this hypothesis requires the 
expenditure of very large quantities of surface energy in microcrack formation and also 
provides little explanation for the increased elongation and cold drawing tendencies of 
rubber modified plastics. 
Newman and Strella (67) demonstrated that the matrix absorbed more energy than the 
rubber particles and proposed that the rubber particles in fact triggered yielding in the 
matrix. The increased energy absorption in rubber-modified plastics is caused by 
increased cold drawing of the glassy matrix polymer. The idea that toughening in 
polymers is enhanced by 
&ar 
yielding i. e. local deformation in the matrix was thus 
founded. Shear yielding is a source of toughness found in ductile polymers such as 
polycarbonate in which energy absorption takes place through formation of shear 
bands. Bucknall (56) has further shown that promotion of shear bands can be used as a 
means of controlling craze growth, thus increasing impact resistance. 
Bucknall and Smith (69) were the first to associate the stress whitening that occurs in a 
strained polymer with crazing. This gave rise to the theory of massive crazing which is 
based on the idea that energy is dissipated through the formation of many small crazes 
rather than in one large crack. The rubber particles are believed both to initiate and 
stop the crazing process. They have, in fact, been identified both at the beginning and 
at the end of crazes through microscopy. The rubber particles themselves act as stress 
concentrators for the matrix. As the stress fields develop around the rubber particles, 
crazes form, resulting in a less dense, "spongy" region formed in a plane perpendicular 
to a stress. With the formation of crazes the stress build-up- is relieved i. e. loss of 
stored (elastic) energy and by controlling their growth toughness and can be maximized 
in the modified polymer. Increased impact toughness achieved as a result of crazing 
occurs most often in polymers whose matrix is brittle. 
During the study of impact modification of ductile polymers that are notch sensitive 
such as bisphenol-A polycarbonate (PC), which can be impact modified by the addition 
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of a small amount of well-dispersed polyethylene (PE) or other rubbery particles, Yee 
(70) came to the conclusion that the PE particles, which do not adhere well to the 
matrix, act like stress concentrators allowing the matrix to void around them under 
conditions of plane strain. It was proposed that the stress concentration fields overlap, 
thus effectively relieving the plane strain and aHowing shear flow to occur. - 
Wu (71) analysed the effects of rubber particle size and, rubber-matrix adhesion on 
notched impact toughness of nylon-rubber blends. A sharp tough-brittle transition is 
found to occur at a critical particle size, when the rubber volume fraction and rubber- 
matrix adhesion are held constant. The'critical particle size increases with increasing 
rubber volume fraction. Thus, the general condition for toughening is that the 
interparticle distance must be smaller than the critical value. In other recent studies on 
the toughening mechanism in rubber-toughened nylon, particle cavitation and 
debonding; has been shown to precede shear banding (72,73). 
One of the important variables in structure-property relationship studies of rubber- 
toughened polymers is particle size. Numerous studies have shown that there is an 
optimum particle size for each rubber toughened polymer (56,74,75). For each matrix 
material there appears'to be'an optimum range of particle sizes leading to the best 
toughness improvement. Large particles are preferred in HIPS, which yields by 
multiple crazing, whereas small particles are preferred in PVC, which yields 
predominantly by shear band formation (56,74,75). Whatever the size of the particle, 
its essential initial role is to act as the stress concentrator (56,75-77). The 
concentration of stress'which'initiates the local yielding in the matrix isjust the first 
step in a complex process. If the overall applied stress is increased further, the-matrix 
may fail by shear yielding or by crazing. Whether a rubber-modified polymer deforms 
by crazing, shear yielding or combination of the two entirely depends on the *nature of 
the matrix. Assuming that the inclusion of the rubber has not affected parameters such 
as chemical nature, the molecular weight or crosslinking in the matrix, there would be 
no qualitative difference between the yield in unmodified and the modified polymer. 
The presence of the rubber particles has an effect on the actual value of yield stress. 
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2.3.3 Rubber-Toughened Plastics 
In rubber-toughened plastics, the necessary features of the rubber phase are (74): (a) 
the rubber must be dispersed randomly as small discrete particles in the continuous- 
matrix phase; (b) low shear modulus in relation to the matrix polymer; (c) adequate 
crosslinking; (d) good adhesion to the matrix; (e) average particle diameter near the 
optimum value for the material; (0 low glass transition temperature. Before looking 
into high impact'PVC, it is worthwhile to present a general overview of high-impact 
polystyrene (HIPS) which is a more established rubber-toughened polymer. 
2.3.3.1 High-Impact Polystyrene (HILPS) 
The toughening of brittle, glassy polystyrene (PS) was introduced in the early 1950s 
(56). HIPS grew rapidly because of its improved'toughness and satisfactory rigidity 
and is now an important commercial polymer. 
in HIPS, polybutadiene is the preferred rubber for a number of reasons. It is soluble in 
styrene monomer, participates in grafting and crosslinkdng, reactions, and has a, low 
glass transition temperature. Earlier products were based mainly on poly(butadiene- 
co-styrene), but this rubber is no longer used by most manufacturers because of its 
higher Tg. 
The PS and the polybutadiene rubber may be blended in a number of ways (5)., The 
ingredients are compounded either in'a two-roll mill, internal mixer or extruder. The 
impact strength of the products was however only a little better than the unmodified 
polymer. Blending of SBR latex and PS latex, followed by coagulation and drying, has 
also been employed in the past but once ý again, the improvement is only marginal. 
Today the common practice is first to dissolve the rubber in the styrene monomer and 
to polymerise the styrene in the usual way (5,78)., By this process the resultant blend 
will contain not only rubber and PS but also a graft polymer where short styrene side 
chains have been attached to the rubber molecules. 
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Birley et al. (79) stated that the greatest improvement in toughness is obtained if the 
polybutadiene rubber latex of particle size 1.0 pra is reacted to give a grafted coating, 
and the *product then added to styrene monomer which is polymerized. The amount of 
rubber used is between 10-20%. The structure of this composite consists of a PS 
matrix, with inclusions of discrete rubber particles, some of which themselves contain 
smaller particles of polystyrene. 4 
Besides improved toughness properties, the other advantage of I-BPS is that the easy 
processing characteristics of polystyrene are retained in HEPS. However, deterioration 
occurs in other properties such as softening temperature, tensile strength, rigidity and 
aging behaviour. The increase in, impact toughness allows HIPS to be ý used in 
applications such as refrigerator liners and fittings, toys, sports equipment,, and radio 
and electrical equipment housings (79). In the manufacturing of toys, HIPS is 
preferred to impact modified polypropylene and high density polyethylene for the 
fbHowing reasons: I 
(1) HUPS can be easily joined using solvent adhesives. ý- 
(2) Being an amorphous polymer, HIPS has less shrinkage and takes more detail from 
the mould surface. 
(3) HIPS can be painted and plated much easier. 
Research with the aim of studying the factors affiecting the fracture resistance of HIPS 
has been actively carried out and one area of interest is the effect of rubber particle size 
on the fracture resistance of HIPS. Numerous studies have shown that the impact 
resistance of HEPS decreases when the average diameter of the particles falls below 
I gm (80-82). However, there is no general agreement concerning the causes of this 
particle size effect. Two possible explanations based on crazing theory have been 
advanced (56): 
(a) that small particles are inefficient in initiating crazes - 
(b) that small particles are ineffective in controlling the growth of crazes and their 
subsequent degradation to form microcracks. I 
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Bucknall et al. (82) made a study on the effect of rubber particle size and structure on 
yield and impact behaviour on a series of fourteen HIPS polymers of widely varying 
structure. Six HIPS polymers, each containing 8.5 wt % of polybutadiene chains and 2 
wt % of a plasticizer were used and two of these polymers were blended with 
polystyrene to produce materials of low rubber content. Particle morphologies, median 
diameters, and volume fractions of all, fourteen HIPS materials -are summarized in 
Figure 2.10. The results of notched Charpy impact tests over a range of temperatures 
are plotted in Figure 2.11 for four HIPS materials studied. The fourth curve, based 
upon data for HIPS 17 SCS (average rubber particle diameter 0.2 gm), falls well below 
the curve for HIPS 17.5 Nff (average particle diameter 1.62 Jim), a material that has 
an almost identical volume fraction of rubber particles). Since modulus and yield stress 
measured at low strain rates correlate quite well with volume fraction (Figure 2.12), 
they concluded that the impact strength is affected by rubber particle size to a much 
greater extent than properties measured at low strain rates., Another interesting 
conclusion they have made is that larger rubber particles (over 1.2 pm diameter), are 
much more effective as toughening agents than smaller rubber particles (below 1.2 pm 
diameter). However, in the study they have not established the reasons for the particle 
size effect. 
2.3.3.2 Rubber-Toughened PVC 
As the area of the research to be conducted is on rubber-toughened PVC,, a"more 
detailed discussion on its development wM be given. 
PVC can be impact modified with acrylic modifiers by two ways: 
(i) by the suspension graft polymerisation of vinyl chloride and a crosslinked acrylic 
elastomer. 
(ii) by blending acrylic modifier and other additives to the PVC compound. 
At one time nitrile rubbers were the most important impact modifiers for PVC (5). 
However, these elastomeric impact modifiers have been replaced to a large extent by 
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acrylonitrile-butadiene-styrene (ABS) graft copolymers, methacrylate-butadiene- 
styrene (MBS) terpolymers, chlorinated polyethylene (CPE), polyacrylate, 
polyurethane and ethylene-vinyl acetate-PVC graft copolymers. These modifiers are 
usually melt blended with PVC along with various other additives (e. g. stabilizers, flow 
modifiers, fillers, pigments) to give the final composition for a specific application. The 
method and, the- conditions of blending are extremely important to the resulting 
morphology and performance. 
Rohl (53) stated that chemically different modifiers operate by different mechanisms. 
A common factor is that all. effective modifiers must have good mechanical bonding 
between the two phases and the rubber forms a fine dispersion without being 
completely compatible with the matrix (5). The rubber to be used as the impact 
modifier should have a solubility parameter between 0.8 and 1.7 (j/CM3) 'f2 above and 
below that of PVC. This requirement limits the choice of rubber, often at the expense 
of mechanical properties. I- 
Lutz (83,84) has classified impact modifiers into three types: 
(1) Predefined Elastomer (PDE) Particle Size and Shape Modifiers 
These emulsion polymers are designed to have an elastomeric core and a hard shell to 
confer compatibility with PVC, and an adequatejy high glass transition temperature to 
enhance isolation as free flowing powder granules (see Figure 2.13). Particle size is 
adjusted and established during the emulsion process and does not change even after 
incorporation into the PVC compound. Examples of PDE modifiers are: - 
* Methacrylate/butadiene/styrene (MBS), 
o Methacrylate/acrylonitrilelbutadienelstyrene (MABS), 
Acrylic modifiers. The 'acrylic modifiers may be all acrylic or may contain other 
than acrylic monomers such as butadiene (modified acrylic). 
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(2) Not Predefined Elastomer (NPDE) Particle Size and Shape Modifiers 
Sometimes NPDE is also referred to as network polymers, a term that defines their 
operational mode rather than polymeric structure. CPE and EVA are the predominant 
members of this class. 
(3) Transitional modifiers 
This group of modifiers is transitional in term of properties between the PDE and 
NPDE. Example of the transitional modifier is ABS, which contains crosslinked 
polymer and therefore retains much of its shape in the PVC melt. However on 
increasing processing conditions, decreases in impact and thermal stability can occur. 
For window frame applications, the types of impact modifiers most commonly used are 
CPE, EVA and acrylic modifiers (either all acrylic or modified acrylic). Rabinovic (85) 
when reporting his study comparing CPE, EVA and acrylic modifiers plotted contour 
plots illustrating the sensitivity of CPE and EVA-modified PVC compounds, in terms 
of impact properties as time and processing were varied. The results showed that the 
toughness of EVA and CPE-modified PVC are dependent on processing conditions, 
resulting in a narrow temperature range where one obtains an acceptable toughness. 
Structure investigations by electron microscopy for EVA- or 
I 
CPE-modified PVC 
showed that the EVA or CPE envelops the PVC primary particles, so that a 
honeycomb-type or network structure is produced. This kind of structure can dissipate 
the forces produced through impact without cracking and results in high toughness. 
However, with increased temperature or shear, the network structure starts to collapse 
and the toughness decreases. The mechanism of impact-modification with an all- 
acrylic system is completely different than that in the EVA or CPE systems. Instead of 
a network structure, the acrylic impact modifier forms a distinct, dispersed phase (all- 
acrylic particle) and continuous phase (PVC). The results from the investigation (85) 
clearly show that in acrylic modified formulations, the toughness is less sensitive to the 
processing time or temperature. 
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Acrylate impact modifiers, according to Roehrl and Neumann (86), have the following 
general advantages over PVC/CPE and, PVC/EVA systems in window frame 
applications: 
" lower shrinkage in the profile -I 
" excellent impact strength and insensitivity to processing. 
" welded comers are strong. 
" ease of handling. 
" elimination of some problems in extrusion. 
good sizing characteristics 
high resistance to heat deformation 
good creep resistance 
superb stability to outdoor exposure and weathering 
Due to these advantages, more than 80% of the PVC raw materials used in Western 
Europe for window frames are impact modified with polyacrylate (86). 
However in a study by Aarts el al (87) to evaluate the effect of CPE, MBS, all acrylic 
(butyl acrylate/methyl methacrylate), EVA and PAE copolymer impact modifiers on 
PVC, CPE was found to be the best all-round weatherable impact modifier as regards 
width of processing windows, and efficiency in terms of temperature and 
concentration. 
There have been relatively few studies on the toughening mechanism of impact- 
modified PVC-U at high strain rate and most of the research has concentrated on NIBS 
and ABS-modified PVC. In the study on MBS-modified PVC, Petrich (88) concluded 
that the primary contribution of the modifier is to increase toughness by lowering of the 
yield stress of the PVC. Electron microscopic studies and density determinations on 
strained samples indicated no crazes in these modified PVC systems which suggests 
that mechanism of impact reinforcement in PVC is based on the enhancement of 
localized shear yielding in the vicinity of the rubbery modifier particles. 
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Breuer et al. (89) investigated the causes of stress whitening in MBS modified PVC. 
They also did not find any crazes using electron microscopy except for a few near the 
sample surface: By using transmission fight microscopy, it was demonstrated that the 
ruptured rubber particles were accumulated in bands which corresponded to shear 
bands in the PVC matrix. They concluded that the rubber particles improved the 
impact strength of PVC by initiating shear bands,, and not by generating crazes. 
Seigmann and Hadas (90) investigated the microdeformation mechanisms of ethylene 
vinyl acetate-vinyl chloride copolymer modified PVC using optical microscopy. Their 
observations showed that PVC reacts to external stress by the formation of both crazes 
and shear bands. Of the two mechanisms, shear banding is found to be the 
predominant one and increasing the amounts of modifier (which reduced the shear band 
initiation stress) resulted in the formation of more shear bands and fewer crazes. ' 
One of the important variables in structure-property 'relationship studies -of rubber- 
toughened polymers is rubber particle size. Numerous studies have shown that there is 
an optimum particle size for each rubber toughened polymer (72,74,75,91). Extensive 
studies on toughening mechanisms in various rubber modified polymers - and 
relationships between structure and efficiency in shifting the ductile-brittle transitions 
have been reported (72,91). 
Dompas et al. (91) studied the effect of rubber particle size and dispersion on 
deformation mechanisms and mechanical properties of PVC/MBS blends. ý They 
concluded that MBS rubber particle cavitation or debonding leads to a higher impact 
toughness of the PVC/NMS blend by enhancing the ductile shear yielding mode. From 
the Izod impact data, they deduced that there exists an optimum in energy absorbed by 
the specimen as a function of particle size, which is around 170-250 nm depending 
upon M[BS particle type. 
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2.3.4, Ductile-Brittle Transition in Impact-Modified PVC-U 
2.3.4.1 Factors Promoting the Ductile-Brittle Transition 
The simplest classification of the mode of failure of polymers under impact conditions 
would result in a division into two broad classes: those that are typically brittle and 
those that are typically tough and ductile. Nominally ductile polymers will behave in a 
brittle manner due to various circumstances of test conditions, dimensions, materials 
and processing variations. . 
The possibility of premature brittle failure is of great 
practical importance and consequence as it may cause, loss of , fife in certain 
applications. 
Because of this large difference in impact energy between tough and brittle failures, 
most complaints regarding poor impact performance arise from the sporadic brittle 
failure of components made from a material which is expected to give ductile 
behaviour. With such materials satisfactory performance is analogous to the avoidance 
of brittle behaviour. The best material is that which behaves in a ductile manner over 
the widest range of conditions, whilst still satisfying rigidity and other requirements. 
This is not necessarily the material giving the highest energy to failure in the ductile 
region. Thus simple comparisons of the numerical values of impact energies resulting 
from tough breaks for different polymers can be misleading. 
With plastics it is generally true to say that tough behaviour in itself is the criterion of 
satisfactory performance. If used solely in their ductile range other properties such as 
rigidity and processability will be of more relevance for material selection than the 
impact energy to failure. The tough-brittle transition and factors that can cause 
significant shifts in the position of this transition are thus of prime importance in 
comparing the impact behaviour of polymers. 
The nature of the tough-brittle transition and factors which change its position have 
been discussed in some detail by Vincent (92). He assumes that the transition from 
tough to brittle failure occurs when the yield strength becomes equal to the brittle 
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strength., If the brittle strength, exceeds the yield strength then a tough failure results, 
and vice-versa. Thus factors which affect either the yield strength or the brittle 
strength will cause a shift in the position of the tough-brittle transition. The factors can 
be categorised as follows: 
(i) Temperature Effect 
It is well known'that many thermoplastics that are tough and ductile at room 
temperature become brittle as the temperature is reduced. Altering the test temperature 
will lead to much larger changes in the yield strength than in the brittle strength. As 
previously pointed out, this change in the mode of failure will be accompanied by a 
marked drop in the energy required for fracture. The actual position of the ductile- 
brittle transition will vary with the grade and formulation, but below a certain 
temperature a sudden drop in impact energy will occur. 
A decrease in temperature leads to a reduction in the overall spectrum of relaxation 
times. This means that at a given rate of deformation there will be a gradual reduction 
in the modes by which the energy can be absorbed. Thus, the modulus will increase 
and the elongation will decrease. The increase in modulus Will also be associated with 
a smaller value of Poisson's ratio. That is to say, the contraction perpendicular to the 
direction of the applied stress will be less, or in other words the triaxial component will 
be increased. All these factors contribute towards an increased tendency towards 
brittleness. 
(ii) Strain Rate Effect 
As already mentioned in the discussion on the effect of temperature, numerous 
mechanisms can be postulated by which energy is absorbed when a polymer is 
deformed, and each mechanism is associated with a corresponding relaxation time. 
Furthermore, at a given testing speed, a particular energy absorption mechanism will be 
operative only if the corresponding relaxation time is of the same order as or shorter 
than the rate of deformation. Thus as the testing speed is increased, the overall ability 
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of a polymer to absorb energy will be decreased. An increase in testing speed is thus 
broadly analogous to a decrease in test temperature. An increase in testing speed Will 
lead to an increase in yield strength and modulus, but will have little effect on the brittle 
strength. A change towards a more brittle mode of failure will occur. It should be 
remembered, however,, that in order to get transitions, of equal ý sharpness to those 
observed with a linear fall of temperature, a logarithmic increase in speed is required. 
As a rough guide with many common thermoplastics, a 10 T drop in temperature may 
be equated to tenfold increase in testing speed (59). 
(iii) Stress Concentrations 
Stress-concentrating features such as holes and internal comers are a major source of 
brittle failure of products in service. The local stress (cyL) is larger than the applied 
stress remote from the region (a) by the linear elastic stress concentrating factor (k). 
In a circular hole in a flat plate the maximum value of k is 3. In an elliptical hole of 
major a)ds a and minimum radius curvature r, the stress concentration factor is (93): 
alý= a (1+2ý(a/r)) (2.11) 
where aL is the local stress, a is the nominal stress on the material, 2a is the defect size 
and r is the radius of the defect at the area in question. 
(iv) Specimen Thickness 
TMck sections of a polymer containing crack like defects are likely to be more brittle 
than thin sections because plane strain conditions encourage the development of a 
triaxial stress systems which suppresses yielding. 
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(v) Molecular Weight 
Increasing the molecular weight of a plastics will increase the brittle strength more than 
the yield strength. In fact, 'with crystalline polymers,, increasing the molecular weight 
may reduce the yield strength, owing to the lower mobility of the melt leading to a 
lower percentage crystallinity at a given cooling rate 
(vi) Crosslink Density 
Crossfinking will generally promote brittleness in polymers because of the higher 
rigidity. Therefore, reduce crosslinking reduces the yield strength more than the brittle 
strength and thus promotes ductile failures. 
(vii) Processing Features 
Melt processing of polymeric compounds introduces several features which can 
promote embrittlement (94). Examples of such features are development of anisotropy 
by alignment of molecules'or fibrous fillers, inhomogeneity giving a product and 
residual stress caused by a solidification from melt during cooling. 
(viii) Environmental Factors 
Polymers when exposed to oxygen or ozone or UV radiation can lead to degradation, 
resulting in cloudiness on the surface: the result is a sharply cracked surface, with the 
defect only too willing to grow under tensile stress to give a brittle surface (94). Some 
chemicals cause swelling in certain type of polymers. When expose to those chemicals, 
the polymers will fail in a brittle manner at a disconcertingly low strain only after a 
short time. That particular polymers, however may fail in ductile manner in less 
stressful environment Le. ý when stressed in air or unstressed when exposed to more 
hostile environment. 
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2.3.4.2 Ductile-Brittle Transition in Impact-Modified PVC-U 
Gaggar (95) undertook a study to see the effect of test rate and temperature on 
fracture behaviour of impact-modified PVC-U at various modifier levels to establish 
the ductile-brittle (DB) transition temperature. The rubber modification of PVC results 
in the shift of the DB transition to higher test rates compared with that for unmodified 
PVC. The DB transition is sharp (compared to DB transition in ABS) and the addition 
of a modifier to PVC did not the change the sensitivity of the DB transition due to the 
increase in strain rate and decrease in temperature. 
The effect of temperature, notch radius, and the presence of acrylic modifier on the 
brittle to ductile transition in PVC was investigated by Havriliak el al. (96). The 
experimental variables were notchradius (from 0.025 to 6.35mm in 8 steps) and two 
temperatures (23 and 12.5 OC). The brittle to ductile transition is readily observed in 
this experimental range. The transition always occurs at smaller notch radii at each 
temperature for the modified PVC. In the transition region, the total energy drops from 
the 1,000 to 2,000 J/m range to less than 150 J/m. In this region, maximum loads 
remain the same while the times to. break becomes much shorter for the brittle 
materials. 
2.4 Impact Testing of Polymers 
2.4.1 Overview 
The mechanical behaviour of plastics is time dependent and materials arereferred to as 
viscoelastic because their behaviour is between that of a viscous fluid and an elastic 
solid. These viscoelastic effects are more pronounced when the plastic is at a 
temperature at which it is transitional between two states; for example between the 
glassy and rubbery/ liquid state. 
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Time dependent mechanical properties may become apparent in various ways, such as 
(97): 
Low strain properties and ultimate strength of plastics are dependent on strain 
rate. -11 1 
Solid plastics sUffer from 'creep and stress relaxation effects, and also from 
incomplete and time-dependent recovery. Therefore the period of loading is 
critical in mechanical design of plastics products. 
0 Under high-speed (impact loading) and/or low temperature, embrittlement is a 
problem often encountered in plastics. This'is because at lo .w temperature and/or 
high strain rates they display elastic behaviour (whereby the stress is proportional 
to strain) whereas it high temperature and/or low strain rates they behave in a 
more viscous manner (whereby the stress is proportional to strain rate and 
independent of strain). 
2.4.2 Impact Test Methods 
The ability of a structural part to maintain its integrity and to absorb a sudden impact is 
often a relevant issue when selecting a suitable material. Impact testing of polymers is 
thus a subject of some importance and is extensively employed. '. 'Ho, ýý6ver difficulty 
often arises in correlating standard test results with service performance. Due to this, 
component testing is preferred by many manufacturers in spite of incurring higher c9st 
(56). 
The problem which arises from the impact energy is the resolution of energy terms 
from various stages of the failure process., The energy terms can be categorised into 
(56): 
(1) elastic and viscoelastic deformation during the initial impact. 
(2) local plastic yielding before and during fracture 
(3) deformation of the material around the tip of the propagation crack. 
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Standard impact tests for plastics can be categorized into (98): 
2.4.2.1 Pendulum Impact Tests 
These types of impact tests use instruments where a pendulum of known energy strikes 
a specimen of defined size and shape. They can be further divided into 
(i) Charpy Test 
In the Charpy test the bar is supported near its ends in a horizontal plane and struck by 
a pendulum to simulate a three-point bend as shown in Figure 2.14-A. The ISO 
standard is given in ISO 180 (1982). 
(ii) Izod Test 
In the Izod (cantilever) test the bar is held vertically by gripping one end in a vice and 
the other free end is struck by the pendulum as'shown in Figure 2.14-13. The ISO 
standard is given in ISO 179 (1982). 
In both types of pendulum impact test, it is customary to introduce a centre notch into 
the specimen so as to add to the severity of the test by concentrating stress. 
2.4.2.2 Falling Weight Impact Test 
In the falling-weight impact test a circular disc of material is impacted by a metal dart 
with a hemispherical tip. In this method, weights or other impactors are allowed to fall 
freely through known heights on to specimens and the impact failure energy is 
calculated from the combination of height and weight required to cause fracture. The 
standard UK test is given by BS 2782 Methods 306B and C (1970) whereby the 
minimum value of the product of fall height and mass which causes fracture is the 
impact strength of the material. Although the concept is simple, the standardisation 
quite is complex because if the same specimen is continually impacted by increasing 
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impact blows, then it will be difficult to actually determine how much damage has been 
sustained before the impact value causing fracture is finally reached. Therefore the BS 
method test specified that each specimen -is - used only once, resulting somewhat 
profligate in its use of specimens., 
The choice of impact test is therefore of obvious importance. Within each type of test 
there is usually a range of test conditions and geometries and the measured impact 
properties 
2.4.2.3 Instrumented Failing Weight Impact Testing 
Conventional impact testing yields data which solely relate to the energy absorbed in 
the fracture process., -Instrumented falling weight impact (UMI) testing (a schematic 
diagram shown in Figure 2.15), which is recently being developed, is a more versatile 
and qualitative technique as it provides a complete force-deflection curve for the event, 
allowing the failure process to be monitored and analysed (99,100). The principle of 
instrumented falling weight impact (UMI) test is the total potential energy available at 
the test initiation point (mgh) is chosen such that conditions of excess energy are 
apparent; that is the energy absorbed during fracture is much, lower than the total 
kinetic energy of the striker when contact is made. In the test, the force created by the 
resistance of the specimen to the -high-velocity blow associated with the impact event 
is measured. These force-time data are fed through a charge amplifier, stored on a 
transient recorder, and can be examined on an oscilloscope. Assuming constant impact- 
head velocity during failure (due to excess energy conditions), a complete force- 
deflection curve for the impact event can be produced allowing the complete failure 
process to be monitored and analysed. Therefore, the main advantage of the IFWI test 
is (99) is that the test provides a continuous record of the force and deflection during 
an impact event, so that much more information about the failure process than 
conventional tests can be obtained. 
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The development of instrumented falling weight impact tests has been described by 
Gutteridge et al. (99). The prototype introduced in 1975 was developed into several 
forms, which incorporate the different requirements for tests on simple test pieces and 
end-products as diverse,, as films, mouldings and pipes, with facilities for the 
measurement of properties ranging in complexity from distributions of failure energy to 
fracture toughness. 
According to Jones el al. (101), two reasons that have motivated the instrumentation 
of impact tests are: 
* Relative ease and low cost, in using a dedicated computer for handling and 
analysing large amounts of data 
* Technical understanding of toughness has remained imperfect.. 
Studies on the applications of HMI to various types of polymers and fracture 
mechanics parameters have. been widely reported in the literature. (102-106) ý 
Adams and Wu investigated the notched Charpy impact behaviour of Nylon 66 using 
falling weight impact test (102)., One of their most important findings was that more 
statistically reproducible results were obtained using an instrumented machine, in 
comparison to conventional systems. 
In order to determine how much impact strength is needed to meet a particular 
application requirement, an impact test must be used which can define the ductile- 
brittle transition with high degree confidence. Scamborski and Hutt (103) made a 
study to determine the ductile-brittle transition in impact-modified PVC at low 
temperatures using a cold chamber specially designed for proper temperature control. 
They used 4 types of impact test, i. e. Charpy, tensile, falling-weight impact test (or 
variable-height impact test) and instrumented falling weight impact (IFWI) test. From 
the study, they concluded that in contrast to the more conventional impact test (i. e. 
Charpy, tensile and falling-weight impact test), an IFWI test can be developed to 
identify the brittle-ductile transition region of impact-modified PVC more clearly. 
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Continuous carbon fibre reinforced plastics are used in aerospace applications where 
impact events are always likely. The impact behaviour of two types of carbon fibre 
thermoplastics composites (which have different fibre type) have been studied at 23 *C 
using HMI test (106). One of the important conclusions derived from the study is that 
an instrumented impact technique can detect the interlaminar crack initiation in the 
force-displacement signal that is monitored during impact, particularly when associated 
photography aids the interpretation. ý, ý: 
During the instrumented impact testing on plastics, force oscillations were observed on 
top of the expected signal. Nlills and Zhang (107) investigated the causes of these 
oscillations and computer models which can predict the whole of the force deflection 
curve were developed. - They have shown that one effective method of removing 
oscillations from instrumented tests is to reduce the contact stiffhess using a low 
modulus material of low coefficient of restitution at suitable thickness. 
The use of HMI test in fracture mechanics study wiU be further discussed in section 
2.5. 
2.5 Fracture Mechanics of Polymers - 
Before going into the details of the use of fracture mechanics, the concept of stress 
concentration approach (93,108) to the fracture of plastics is firstly described. 
2.5.1 The Concept of Stress Concentration 
Any body which contains a discontinuity will experience an increase in stress in the 
vicinity of the -discontinuity. This stress concentration effect is caused by the re- 
distribution of the fines of force transmission through the body when they encounter 
the discontinuity. The stress redistribution concentrates extra loads on the bonds 
adjacent to the defect. Causes of stress concentration include holes, notches, changes 
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in section, keyways and comers. The classical equation for calculating the magnitude of 
the stress concentration at a defect is (93): 
aLý= a (I +2 4(alr) ) (2.11) 
where CyLiS the local stress, a is the nominal stress on the material, 2a is the defect size 
and r is the radius of the defect at the area question. 
Obviously this does not occur in practice. It would mean that a material containing an 
infinitely sharp crack could not withstand any stress applied to it. Therefore it is 
apparent that the stress concentration approach is not suitable for allowing for the 
effect of cracks. This has given rise to the use of fracture mechanics to deal with this 
type of situation. 
2.5.2 Fracture Mechanics Concepts 
The fracture mechanics approach assumes all, bodies contain cracks or flaws. The 
assumption was first stated in 1920 by Griffith; the pioneer in the research of brittle 
materials (109). Most products or structures, however, do contain cracks which are 
either introduced during manufacturing or during service. The presence of cracks is 
directly related to the brittle fracture performance, with faure energy originating from 
the most severe of these. 
A great deal of effort has been put into obtaining a parameter relating applied stress, 
crack size and sample-article . geometry, which would allow resistance to crack 
propagation to be defined. The parameter should be characteristic of the material alone 
and therefore independent of the loading-geometry of the system. According to 
Marshall (93), there are two approaches towards this: 
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2.5.2.1 Energy Approach to Fracture 
When any body is stressed, elastic energy is stored in the material as strain energy. To 
increase the length of a crack, energy must be available which must be at least equal to 
the surface energy of the two new surfaces produced by the simultaneous growth of 
the crack. By equating the energy released to that absorbed in creating new fracture 
surfaces, the following relationship is obtained: 
OF = 4(2 Ey/7ca) (2.12) 
where aF is the failure stress, E is the elastic modulus of the material and -y is the 
surface energy. 
Inherent brittle materials such as glass show good similarity between values determined 
from the above relationship and experimental values. ý' However when -the above 
equation is applied to polymers, discrepancies arose as the measured values of surface 
energy were far in excess from values obtained through experiment. It therefore 
becomes apparent'that there exists another mode of energy dissipation during the 
fracture of plastics, attributed to plastic deformation at the tip of a growing defect. 
Due to the existence of plastic deformation, the surface energy (Y) needs to be replaced 
with an alternative term which will include the contribution from plastic yielding. This 
parameter is referred to as the strain energy release rate (G). When fracture occurs, G 
reaches a critical level known as the critical strain energy release rate, Gc, which can be 
expressed in terms of the applied stress and crack size. 
For plane stress, 
Gc -. 2 
(7caC2 a)IE 
and for plane strain, 
Gc = [(iccrc2a) / El (1-v2) 
where v is the lateral strain contraction ratio (Poisson's ratio). 
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Plane stress and plane strain conditions are the conditions which prevail in thin samples 
and thick samples respectively. The knowledge on the transition between plane strain 
and plane stress conditions is important to obtain valid criteria for fracture mechanics 
(97). When thin samples are subjected to a stress there is a tendency to shrink freely 
resulting in the y-direction stress component becoming zero (see figure 2.16), and 
therefore a bi-axial system operates. 
In relatively thick specimens, the term "plane strain" suggests that the component of 
deformation in thickness direction is suppressed, sy reduces to zero. The stress system 
at the crack tip becomes triaxial (cry is finite), thereby contributing to an increased yield 
stress, which favours, the brittle fOure mode. The expression for the plane strain is 
modified to take into account the constrained contraction effect in plane strain fracture. 
An important relationship that permits the fundamental material property Gc to be 
calculated from fracture force (Fc) and the variation of compliance with crack length 
(dC/da) is given by (93): 
Gc = (Fc2/2B) x (dClda) (2.15) 
Plati and Williams (I 10) put forward another equation which relates Gc, total absorbed 
failure energy (UF), geometric factor (ý), specimen thickness (B) and specimen depth 
which is given by: 
Gc=UF/BDý (2.16) 
Solutions for ý were derived by Plati and Williams (110). This parameter is determined 
by the initial defect length (a) and its relationship to the specimen - depth (D) and 
thickness (B). A more detailed discussion on this equation and the derivation of 
geometric factor (ý) will be given in Chapter 4. 
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2.5.2.2 Stress Intensity Factor Approach to Fracture 
By considering of the detailed stress field at tip of a sharp crack, it has been shown that 
the degree of stress intensification can be more precisely defined by a parameter K, 
known as the stress intensity factor (93,108). For a crack in a plate under tension 
(where the crack dimensions are small compared with overall plate dimensions) K is 
given by: 
o-4(7ca) 
where cr is the applied stress and a is the crack length. 
(2.17) 
It is postulated that there is a critical value Kc, at the onset of unstable cracking which 
is given by: 
KC ý (T Fq(7Ca) 
whereGF= gross failure stress 
(2.18) 
This critical stress intensity factor is sometimes referred to as the fracture toughness. 
Frequently, the crack dimensions are not insignificant compared with total sample 
dimensions and geometry factors, Y, have to be used to account for finite plate effects. 
Tables of correction factors are available from stress analyses of a wide range of plate- 
crack geometries and this will be further discuss in Chapter 4. To include the geometry 
factor Y is, K is expressed as: 
K= YcYF 4a (2.19) 
From equations 2.13,2.14 and 2.18, Kc and Gc are related by the following equations: 
0 for plane stress, (EGc)0-5 = Kc 
for plain strain, (EG c/I _V2)0.5 Kc 
(2.20) 
(2.21) 
where E is 'elastic' modulus (most plastics are inelastic and often do not satisfy this). 
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2.5.3 Validity of Fracture Mechanics Approach. 
The term Linear Elastic Fracture Mechanics (LEFM) is often used since a great deal of 
work has been carried out on linear-elastic materials. However, the mechanical 
behaviour of most plastics materials is both non linear and time dependent. Thus the 
difficulties in applying LEFM theory to describe fracture processes in plastics becomes 
evident (97). 
In inelastic materials, yielding or plastics deformation occurs which may render the 
validity of LEFM approach. However, LEFM may still be used provided the plastic 
zone is confined to a small zone at the crack tip. The validity of the fracture mechanics 
approach needs to be established to generate valid fracture mechanics data. 
Williams (I 11) examined the influence of crack-tip yielding by reference to the radius 
(ry) of the yield zone created in this vicinity during fracture: 
ry = (1/2, C) X (KCI/Cry) 
2 
(2.22) 
In turn, specimen dimensions (notably thickness) are chosen to be significantly greater 
than ry. For example: 
B >4 xry (2.23) 
A more rigorous and universally applicable criterion has been sought for some time. 
Reference is usually made first to specimen thickness (B), which must assume at least a 
minimum value to ensure the - predominance of a triaxial ý stress system (plane strain 
conditions) across the width of the crack tip. The minimum thickness (Bm[N) is related 
to plane strain fracture toughness (Kc, ) and yield stress (ay) by: 
Bm[N= cc x (Kcl/(FY)2 (2.24) 
Several values for cc have been suggested, on the basis of previous experience. Most 
commonly, a value of 2.5 is considered to be appropriate (112). Specimen width must 
also conform to an equivalent criterion, in order to restrict the influence of plastic 
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yielding. Using a similafformat to that given in equation (2.24) for sample thickness, 
the minimum width (Dm[g ) is given by: 
X (KC/ 
2 
I GO (2.25) 
where 0 (a geometric factor with reference to specimen width) is equal to 5.0. 
Using (a/D) as the appropriate function, Chan and Williams (113) have demonstrated 
that the maximum value of the constant 0 is dependent on the span to width (LJD) ratio 
of the beam. For L/D ratio of 4, the maximum 0 value is given 0.16. Therefore the 
minimum specimen width is given by equation 2.26: 
11 
Dm, N = 6.25 x 
(Kcl/ay)2 (2.26) 
2.5.4 Applications of Fracture Mechanics 
in this section two types of applications of fracture mechanicS'will be discussed: the 
first on the applications to impact testing in general and the other specifically to PVC' 
2.5.4.1 Fracture Mechanics Application to Impact Testing, 
There are various reports in the literature on the use of fracture mechanics principles to 
the impact test (110,114,115). Plati and Williams (I 10) derived a notable method of 
analysis, whereby the critical strain energy release rate, Gc, may be deduced for both 
Charpy and Izod tests from normal energy measurements. The paper is often' cited for 
its determination of the calibration factor, A full derivation of this determination is 
presented in section 4.3. 
Amongst the recent research is by Cook et aL (114) who investigated the properties of 
polystyrene under high speed impact. They found a linear correlation for Kc and Gc 
with melt index, hence an inverse relationship with molecular weight. Harry and 
Marsha (115) used the HVI iest method to study the variation in impact toughness of 
various medium density polyethylene (MDPE) and high density polyethylene (HDPE) 
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polymers as a function of thickness and depth. The HMI test has also been employed 
to determine the LEFM parameters, the critical strain energy release rate (Gc) and 
critical stress intensity factor (Kc). The results from their investigation showed that 
LEFM concepts can be successfiffly used to determine geometric independent plane 
strain toughness values, Kc, and Gcj for a MDPE pipe material providing certain size 
requirements are met. P 
This topic on the application of fracture mechanics to impact testing will be considered 
further in Chapter 4. 
2.5.4.2 Fracture Mechanics Application to PVC-U 
Most of the reports on the application of fracture mechanics principles to PVC-U are 
on unmodified PVC-U and specifically to pipe formulations on high K-value grades. 
Short-term tests for the evaluation of the toughness of PVC-U pipe materials have 
been examined by Moore et al., (116). In the tests conducted, a combination of 
fracture toughness and tensile yield stress provided an assessment of toughness. They 
examined the validity of a fracture mechanics approach in detail, with reference to 
other factors such as molecular weight, processing level and age in-service. Amongst 
the conclusions that were derived from this study is that fracture toughness of PVC-U 
is influenced by polymer molecular weight. 
Marshall -and Birch (117) investigated the mechanisms of failure of PVC-U pipe 
materials using fracture mechanics. From the study, it was concluded that although the 
fracture toughness of poorly gelled pipe can be obtained from tensile tests it is 
necessary to perform tests in bending in tougher materials to ensure that failures occur 
at stresses below gross or net section yielding. From this investigation test procedures 
have been developed capable of being used as quality control methods for classifying 
pipe. 
During the study on the influence of molecular weight (Mw) on Gc of PVC-U, 'Jones 
et al. (101) reported that two regions of Gcj vs. Mw plot was observed. At 
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molecular weights below a critical value, it can be observed that toughness is molecular 
weight dependent. At molecular weights above this critical value, there appears to be 
little molecular weight dependence. 
Calvert et al. (118) have successfully utilised a fracture mechanics approach using data 
from an instrumented falling weight impact test system to investigate the fracture 
characteristics of impact modified PVC compositions. The fracture mechanics analysis 
on this type of polymer is difficult due to the lower yield stress of impact modified 
plastics promoting the tendency to observe gross yielding which might invalidate the 
fracture mechanics data. From the study, it was concluded that the response of a 
typical high impact-modified PVC lies within the limit of validity at 0 OC, with a "dead 
sharp" notch, and as a result, shortcomings associated with thickness-dependent impact 
strength can be eliminated by a fracture mechanics approach. In this way, the effects of 
processing variables such as haul-off speed, temperature and output rate may be 
evaluated directly. Part of the present study will involve more extensive tests on 
impact-modified PVC, based upon the technique developed by Calvert et al. (118). 
2.6 Processing of Polymers 
The ease with which compounds may be shaped at relatively low temperatures 
represents an enormous cost advantage for plastics, within the materials processing 
sector. The route "from polymer to plastics commodity" involves several distinct, yet 
equally important stages. After summarising some of the principles of processing, this 
section will deal with mixing and extrusion which are the important processing 
techniques for PVC-U 
2.6.1 Principles of processing 
Plastics processing is primarily concerned with forming the raw compound into the 
required shape and fbdng the shape by cooling or by chemical reaction., The shaping 
operation will involve the flow of the polymer in melt form at some time during the 
process. Rheology is the science of the flow and deformation of materials. It is 
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concerned with the relationships between stress (force/unit area), strain (change of 
shape) and time. The flow of plastics in actual processes is a very complex mechanism, 
involving completely three dimensional deformation under non-isothermal and unsteady 
conditions. However, it is reasonable to approximate the behaviour by modelling the 
flow as a series of simplified idealized viscometric flows. 
2.6.1.1 Geometry of Flow 
In plastics processing; there are three types of deformation which need to be 
considered (97): 
,q 
(A) Shear Flow 
In shear deformation a force (F) is applied tangentially. to an elemental volume, as 
shown in Figure 2.17, so that the top layer is displaced by u. The relative displacement 
of the two layers is the simple shear strain (y): 
The shear stress (force per unit area) r is given by- 
F/A (2.27) 
For viscous flow it is more usual to consider the rate of strain, or shear rate, which is 
given by: 
dy/dt =y= v/h or dv/dx (2.28) 
where v is the velocity in the z direction. 
(B) Elongational Flow 
This is achieved by- applying a force normal to the opposite faces of the element, as 
indicated in Figure 2.18. The tensile stress (a) and the conventional engineering strain 
are given by': 
= F/A (2.29) 
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c= (1 - 10) /10 (2.30) 
where lo is the original length of the sample and I is the length at time t. Similarly, we 
can define an elongational strain rate (F. ) which is given by:,, 
c= dv/dz (2.31) 
(C) Bulk Deformation. 
A uniform pressure is applied to all faces and the strain is determined from the change 
of volume of the element. This type of deformation is of less significance in polymer 
processing and it is usual to assume that polymer melts are incompressible. However, 
it may be important in process where high, near-hydrostatic pressures are developed, 
such as the packing phase of injection moulding. 
In practice, most processes can be classified as either simple shear or elongational 
flows, or a combination of both. Simple shear flow is a good approximation for many 
melt processing operations such as extrusion or injection moulding. Elongation flow is 
important in fibre spinning, film extrusion processes, in various phases of blow 
moulding, and in flows through convergent sections. 
2.6.1.2 Viscous Behaviour in Simple Shear 
Polymer melts are viscoelastic in their response to an applied stress. Thus under 
certain conditions they will behave like a liquid, and will continue to deform while the 
stress is applied. Under other conditions the material behaves like an elastic solid and 
on removal of the applied stress there will be some recovery of the deformation. This 
viscoelastic response is illustrated in Figure 2.19. 
Viscosity, which is a fundamental rheological. parameter of fluids is defined by: 
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Viscosity (9) = shear stress/shear rate = T/y (2.32) 
Flow curves of idealized fluid are given in Figure 2.20. PVC like most of the polymers 
are pseudoplastic, in which viscosity decreases as shear rate increases. Thus viscosity 
of a material cannot be specified without specifying the shear rate. 
2.6.1.3 Properties of Polymers 
The polymer properties which are important during processing such as extrusion can be 
categorised into (97): 
Melt flow properties 
Thermal properties 
(A) Melt Flow Properties 
Melt flow properties can be further divided into : 
(i) Melt Viscosity 
Low shear-viscosity polymers offer advantages by lowering working pressures and 
reduced running cost. On the otherthand high molecular' weight polymers (and 
therefore high shear viscosity) enhance the product properties such as mechanical 
strength. 
(ii) Melt Strength 
The tensile or shear rupture strength of polymer melts imposes an effective working 
limitation upon throughput rate in, for -example, tapered die sections. -It is the 
combination of these two parameters - output rate and taper angle - which determines 
the elongational strain rate within the section and thus the corresponding tensile stress 
acting on the melt. If this is excessive, the rupture stress of the melt may be exceeded, 
and melt fracture may occur. Similar arguments can also'be applied to other types of 
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elongational flows, such as bubble fracture during film blowing, or parison rupture in 
extrusion blow moulding. 
(iii) Melt Elasticity 
A precise knowledge of the recoverable shear strain characteristics of melts allows'the 
die designer to account for the discrepancy between the cross-Section of extruded 
products (under any given operating conditions) and the die exit dimensions. In this 
way, die sweU characteristics can be used at an early stage by equipment designers. 
Swelling ratios lie within a typical range 1.0 - 2.5, but are inevitably sensitive to 
changes made to processing temperature, strain rate, die land geometry and molecular 
weight. 
(B) Thermal Properties 
Thermal instability is a commonly encountered facet of melt processing and occurs not 
only because of high temperature, -but also due to excessive residence time spent at 
lower temperature which may be considered safe. In consequence, the residence time 
distribution, for a given process, assumes'a high level of importance when measures are 
taken to prevent any'physical hang-up of material in the extruder, for example by 
reducing taper angles, or by applying generous radii to sharp changes in section. 
The other thennal properties which are relevant 'to plastics processing are thennal 
conductivity and enthalpy of the plastic materials. 
2.6.2 Mixing of Plastics ý 
There are a number of important techniques in mixing of plastics. Most polymers are 
melt-mixed, for example on a co-rotating twin screw extruder, and this will be further 
discussed in section 2.6.3.2. For PVC, incorporation and dispersions of additives must 
be effective before gelation and shaping occurs. Therefore, PVC is usually dry blended 
prior to melt processing to incorporate the required additives. 
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The basic principle of dry-blending is that all the ingredients are mixed in a single, 
batch-operation to produce a completely dry, free-flowing powder. The production Of 
a dry blend results from the application of high speed agitation and heat to a blend of 
polymer plus additives, resulting in an absorption of the-additives into the softened 
polymer. Certain other modifications to properties such as an increase in bulk density, 
a los's of moisture and improved powder flow will occur. ' The application of further 
high speed agitation and heat wouldcause a further increase in bulk density'which 
would ultimately be followed by agglomeration and finally complete gelation. 
The essential feature of the high speed mixer is that the movement of the components 
to be mixed is achieved by rotor-blades at the base of the mixing chamber, rotating 
about a vertical axis at various speed up to a maximum of approximately 3500 rpm. A 
variety of mixers have been used for this process, for example ribbon blade mixers and 
'Z' blade mixers (119). 
The general principle of operation is given as follows (119). When the impeller is set in 
motion, the material inside the -container is thrown upwards and then cascades 
downwards, creating a central vortex effect'above the central shaft. There is violent 
agitation and two effects take place: first, by virtue of the first vortex, 'air is sucked into 
the powder blend so that the material mass as a whole is fluidised and tends to flow 
very much in the same manner as a liquid; secondly and, perhaps, more importantly, 
interparticle, particle-impeller and particle-vessel wall collisions occur. These conisions 
result in the creation of ffictional heat which is absolutely essential to the process. The 
change of state when'the 'additives are totally absorbed can only occur with the 
application of heat and therefore these various collisions and the generation of this 
frictional heat are the key to the whole process. A useful measure of the efficiency of a 
particular machine is its ability to transfer mechanical energy into heat, as observed by 
the temperature rise of the polymer mass. 
For rigid dry blend formulations the following is found to be a popular processing 
technique (119). The polymer, together with the stabilisers, pigments, and any other 
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solid additives, are charged to the mixer, initially at low speed to homogenise the 
blend. The high speed is then selected and the temperature of the blend raised to 
between 120 and 140 *C. A point worthy of note is that at approximately 20 T below 
the final temperature the lubricant is added, this having been withheld from the initial 
charging to increase friction between the particles and speed up the heating rate. When 
the final temperature has been attained the batch is discharged into the cooler mixer 
and cooled to an acceptable level. Time cycles, in the case of rigid PVC blends, are 
usually in the region of about 8 to 10 minutes for the heating cycle during which time 
moisture is driven off and the lubricants and the stabilisers melted for uniform 
distribution throughout the systems. Cooling requires a similar or shorter time cycle. 
Katchy (120) surveyed the influences of blending on the morphology of PVC particles 
and concluded that they were largely unchanged in character by blending. The 
particulate structure of PVC remained intact and there were no pronounced differences 
in the processability of blends discharged at different temperatures. It was concluded, 
therefore, that shear was necessary, in addition to significant increases in temperature, 
if changes were to be made to PVC powder structure. It is further stated that there is a 
need to add some additives at the start of the mix, as blending solely with PVC results 
in too much frictional heat being generated, which stops the circulating movement of 
the mix. 
2.6.3 Extrusion 
An extrusion process may represent any manufacturing operation in which a fluid is 
pumped through an orifice die to produce an article of constant cross-section. The 
stages in an extrusion process consist of 
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(1) Feeding of plastics granules or powder from a hopper on to a rotating screw. 
(2) Moving along the barrel where the plastics are softened and fused together by heat 
supplied by electrical barrel heaters and by the shear heating generated by the 
rotation of the screw. 
(3) Passing through a die at the end of the extruder to produce extrudate of the desired 
shape. I 
(4) Cooling of the melt in order to retain the profile size and shape. 
Extruders in the polymer industry are available in many different designs. The main 
distinction between various extruders is their mode of operation; continuous and 
discontinuous (108). The continuous type has a rotating screw and therefore delivers 
the polymer continuously. The discontinuous type have a reciprocating screw and 
therefore delivers the polymer in an intermittent fashion. Screw extruders are divided 
further into single screw and multi screw extruders. 
2.6.3.1 Single Screw Extrusion 
In this process, the melt moves along the barrel by drag flow. It follows that shear 
heating is an important consideration in single screw extrusion. In single screw 
extrusion of PVC, screws with high length to diameter ratios (which favour conductive 
heating) and screw design which subject the material to only gradual compression are 
used to avoid an over-severe thermal history, -whilst maintaining high specific output 
rates. 
The single screw extruder is the most important type of extruder used in the polymer 
industry. Its key advantages are relatively lower capital cost, lower maintenance cost, 
shorter downtime for repairs; and lower rate of wear of screw, barrel and gearbox (2) 
The theory of design and operation is also better developed for single screw machines. 
Functional parts of a typical single screw extruder are shown in Figure 2.2 1. 
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Covas (12 1) carried out a detailed study using a statistically based experimental design 
to investigate the role of operating conditions on the extrusion of a simple lead-based 
PVC formulations in single and twin screw extrusion. The study showed that in the 
single screw extrusion, the mass output increases steadily with increasing screw speed 
and decreasing die resistance. It was also concluded from the study that the extrusion 
efficiency study (defined as the ratio of the volumetric output divided by the total 
energy input to the system), reached a maximum at high screw speed and low die 
resistance. ml- 11 .I 
2.6.3.2 Twin Screw Extrusion 
The inability of a single screw systems to process materials which exhibit tendencies to 
degrade, or to slip excessively on the barrel surface stimulated the development of the 
twin screw extruder, the most widely used multi-screw extruders. The growth of the 
use of PVC-U - first extruded in the mid-1950s and especially rigid pipe formulation, 
was a prime factor in the development of sophisticated twin-screw machines (2). 
A classification of twin screw eii ruders, is shown in"Table 2.4 (122). This classification 
is primarily based on the geometric configuration of the twin screw extruder. 
Machines 'with non-intermeshing screws operate very similarly to single-screw 
extruders and are not considered in detail. Intermeshing screws are screws in which 
the flight of one screw penetrates the channel of the other (122). In machines with 
intermeshing screws, there is an actual interaction of one screw on the material 
contained in the channels of the other. It is this interaction that makes the twin screw 
extruder different from the single screw extruder. 
Where the screws intermesh, the very presence of the flight of one screw within the 
channel of the other limits the rotational motion of the material around each screw so 
that forward motion is achieved. 
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Table 2.4: Classification of Twin-Screw Extruders (122). 
Corotating -Low speed extruders 
Extruders (profile extrusion) 
Intermeshing -High speed extruders 
(compounding, devolatization) 
Extruders Counterrotating -Conical Extruders 
Extruders (profile extrusion) 
-Cylindrical Extruders 
(profile extrusion) 
Counterrotating -Equal screw length 
Extruders -Unequal screw length 
Nonintermeshing Corotating -Not used in practice 
Extruders 
Extruders' -Inner melt 
Transport forward 
Coaxial -Inner melt Transport 
Extruders Rearward 
-Inner Solids 
Transport Rearward 
-Inner Plasticising, 
Rearward Transport 
For PVC, the comparative advantages of twin screw extruders over single screw 
extruders are (2): 
(A) Features stemming from positive pumping action: 
(i) generally lower and more controBable melt temperature 
(H) more uniform melt flow 
(iii) less scope for product variations 
(B) Features consequent upon generally lower melt temperature in processing: 
(iv) higher outputs with less risk of degradation; 
(v) possibly of using cheaper formulations (due to reduction of heat stabilizer levels) 
(vi) control of gelation process 
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Other features : 
(vii) better mixing action and removal of entrapped air (hence greater suitability for 
processing bulky powder feeds); 
(viii) insensitivity to the cross-sectional area. 
There are two types of intenneshing screws depending on screw rotation direction 
(Figure 2.22): 
9 Co-rotating screws - the screws rotate in the same direction. 
Counter-rotating screws - the screws rotate in opposite direction 
(A) Co-rotating Screws 
The primary function of most commercial co-rotating twin screw extruders is to act as 
an effective continuous mixing device (97). The pumping mechanism in the discharge 
zones of co-rotating designs is fundamentally different from the counter-rotating 
machines, because the inaterial'can'not exist in closed, discrete cavities. ' By a 'figure- 
of-eight' (as shown in Figure 2.22) type drag of flow mechanism, the material is able to 
flow along these passages (mixing section), in pseudo-spiral fashion, to move towards 
the downstream end of the screws. The feed/pumping zones are very similar to 
counter-rotating machines. 
(B) Counter-rotating Screws 
The counter-rotating screws act as a positive pump and, unlike single screws extruders, 
dry blend is conveyed down the extruder toward the die at a rate that is a relatively 
independent of screw/dry blend/barrel friction (123). 
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Figure 2.23 illustrates how the plastics compound occupies individual, twisted C- 
shaped chambers; these convey the compound along the extruder as the screws rotate. 
These cavities are effectively bounded by leading and trailing edges of adjacent flights, 
and by the rotating root surface of the opposite screw. - Once the polymer is held within 
these chambers, the maximum pumping capability of'the machine can be readily 
characterized: 
2mNVc (2.33) 
where Q= output from extruder, m= number of threads-starts per screw, N= screw 
rotation speed, Vc = trapped volume of a C-cavitY. The factor of 2, in Equation 2.33 
denotes the existence of two parallel screws. Geometric computations (refer to Figure 
2.23) allow Vc to be estimaied : 
Vc = 7c Wd H. '(Dm ý. H) q/cos 0 (2.34) 
where Wd = average width of the chamber, H= flight depth, Dm = external diameter 
of the screws at the cross-section in question, q= dimensionless factor representing the 
proportion of cavity which is un-obscured by meshing and 0= screw helix angle. 
Direct substitution yields a simple form of the twin-screw extruder characteristic: 
Q=2 7c m. N Wd H. (Dm-H) (2.35) 
Both q and cos 0 usually lie in the range 0.9-0.95, and can often be considered to be 
self-cancelling. The geometric variables are relevant only to the discharge end of the 
screws. 
A major advantage 'Of twin screw extrusion processing PVC-U is that the material is 
subjected to relatively low levels of shear and is heated predominantly by conduction 
from the barrel wall (2,123). The residence time distribution is narrow and often quite 
easy to control. A vacuum is commonly applied, part way along the barrel, to remove 
volatiles including any moisture from the PVC compound, a process known as venting, 
or devolatilisation. 
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In the twin screw extruder, it was observed that the mass throughput increases steadily 
with increasing screw ý speed, although at a progressively lower rate, and with 
increasing temperature profile (121). It decreases only slightly with increasing die 
resistance; for practical purposes output is independent of the conditions at the die end. 
Stephenson (124) also found that under most operating conditions the output rate is 
independent of the conditions at the die end of the twin end of counter-rotating conical 
twin-screw extruder, since the low pressure in the central region of the extruder 
effectively separates the feed zone from the die. The output rate is therefore controlled 
by the rate that material is introduced into the feed port of the extruder. 
Conical counter-rotating twin screw extruders are commonly used for the processing 
of PVC for the following reasons (124-126): 
(i) the wide spacing of the screw axis at the feed end allows for more room for thrust 
bearings 
(ii) large diameter at the - feed end facilitates the installation of screw temperature 
control equipment I 
(iii) at the output end, the smaller diameter of the screws leads to lower shearing 
. speeds 
(iv) introduction of gradual compression without having to resort to complex changes 
in screw design. 
In the analysis and experimental evaluation of twin screw extruders, Rauwendaal (125) 
concluded that corotating extruders appears to be best suited for melt blending 
operations, while counterrotating extruder seems to be preferred in operations where 
solid fillers have to be dispersed in a polymer matrix. It was also found out that 
counterrotating extruder exhibits a narrower residence time distribution and better 
dispersive mixing capability, while the corotating extruder showed a better distributive 
capability. 
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Calvert (127) made a study on twin extrusion of impact-modified PVC using a conical 
counter rotating twin screw extruder. Amongst the major conclusions from his study is 
that the formulation has a profound effect on the machine characteristics and will 
determine to some degree the operating window of the extruder. It was also found out 
that residence time distribution within twin screw extruder is determined by both screw 
speed and feed conditions. 1,1 
2.6.4 Processing of PVC - Effects on Structure and Properties 
The structural features of PVC are now well recognised as comprising PVC grains of 
50-250 pm in diameter, surrounded by a colloidal skin, and containing primary 
I 
particles of about 0.7pm with microvoids in between particles. The primary particles in 
turn are composed of domains 0.2prn in size (see section 2.1.3) 
During the processing, the PVC particles will undergo fusion with the elimination of 
grain boundaries and formation of continuous polymer matrix. Two possible 
mechanisms of fusion have been proposed (14) for PVC depending on the route of 
processing as explained in section. The factors controlling fusion of PVC during 
processing are processing temperature and time, and shear rate. 
During processing the material passes through four stages of plasticisation with 
increasing temperature, as shown in Figure 2.24 (128): 
(a) Up to about 160 OC the powder grains slide against each other; they form units of 
flow. 
(b) Above 160 T- depending on the shear rate - the PVC grains break open and the 
smaller primary particles (of about 0.6- 0.81im diameter) form the unit of flow. 
This is known as particle flow. It is in this stage of plasticization that the additives 
(modifiers, lubricants, stabilisers etc. ) are distributed over the surfaces of the 
primary particles. 
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(c) Above about 190 *C the primary particles also melt. As they do so the additives - 
according to their compatibility -, are either dissolved in the PVC or precipitated 
(i. e. small inclusions are formed). This process therefore amounts to phase 
inversion. 
(d) If the temperature is further increased or the residence time is - prolonged, 
decomposition begins and small bubbles of HCI are formed. The temperature at 
the beginning of the decomposition range depends to a large extent on the type of 
stabilisation. Poorly stabilized PVC may start to decompose even before the third 
stage of plasticization is reached., I- 
Due to the structural changes during processing, one can expect the dependence of 
mechanical properties on the degree of fusion of PVC. There are several reported 
studies which attempt to correlate the relationships between the processing of a PVC- 
U composition, a measured fusion valueand the consequences of a processing history 
upon physical properties. 
Benjamin (15) extruded a series of pipes under controlled conditions to provide four 
gelation levels. A fusion level was determined by a 'zero length' capillary rheometer 
method and the pressure results related to a- reference curve prepared by roll milling 
(32,44,68,90% gelation levels). Tensile results (stress at yield) suggested a constant 
maximum value at a higher gelation level of 68 %, while tensile impact and tensile 
strain at break produced an optimum value at approximately 44 - 68 % gelation level. 
It was concluded that a gelation level of approximately 60 - 70 % would provide the 
best balance of properties for the particular pipe and-composition chosen. From the 
study, it was also shown that long term properties are very dependent on fusion level. 
Pipe samples were subjected to vanous water pressures and failure times at the 
different hoop stresses were measured. These failure times for'ductile failure were 
independent of fusion leveL but after long times at lower stresses premature brittle 
failures were observed. It appears that time to the ductile to brittle transition is 
dependent on the fusion level. 
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Marshall et al. (129) produced a wider range of gelation levels than Benjamin, with a 
set die temperature range from 170 to 227 T. The effect of screw speed (extrusion 
rate) on fusion was also studied. The strip extrudates were assessed for fusion level by 
a range of techniques: differential scanning calorimetry, capillary rheometry and solvent 
absorption. The impact results generally support Benjamins's hypothesis of a 
maximum in impact strength at approximately 60 - 70 % fusion level, when the original 
PVC grain boundaries disappear. The reason for the decrease in impact strength is not 
fully understood, but it seems, to occur when primary particles have disappeared to 
produce a reasonably homogenous matrix. Another conclusion which can be derived 
from the study is that temperature has a greater effect on fusion than shear rate. This is 
a consequence of the effect of increased shear at higher screw speeds (resulting in 
increased fusion), being partially offset by the reduction in residence time resulting in 
less heat input. 
in the study of the effects of processing parameters and PVC gelation on Kc and Gcý 
Calvert et al. (118) found out that Gc is more sensitive to the effect of PVC gelation 
level than Kc as shown in Figure 2.25, which revealed that Gc reaches a peak value at a 
gelation level corresponding to, a melt temperature of 190'C. This observation 
suggests the existence of some possible morphological changes in acrylic impact- 
modified PVC-U compositions associated with processing, which can result in a 
decrease in impact Gc when gelation levels become excessive. At higher gelation level, 
the blended impact modifier will be distributed at random due to the breaking-up of the 
PVC primary particles. ýI 
Recently, the study on the effects , of compounding and temperature in twin screw 
extrusion of a window profile compound have been reported by Batiste et aL (130). 
The compounds were made with and without an acrylic modifier. The impact-modified 
compounds show a dramatic, improvement in impact strength when the melt 
temperature was increased from 160 to 173 T. A further increase to 185 T had no 
effect on the impact strength. The compound without impact modifier exhibited ' 
no 
improvements in impact, strength over the whole extrusion rage range studied. This 
conflicting report on the effect of fusion level on impact strength of PVC articles 
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probably"reflect 'different interactions . betwe ,eIn extrusion conditions and compound 
composition. 
Different processes generate different levels- of shear stress and this results in different 
mechanisms of fusion (14). As mentioned in section 2.4 for high shear processes, PVC 
grains are broken down into primary particles which then melt; for low shear processes 
fusion involves the compaction, densification, fusion and elongation (CDFE) of grains. 
For compression moulding, where shear forces are very low, it is possible for primary 
particle fusion to occur while grain boundaries are still visible. High shear processes, 
such as milling and Brabender mixing can produce unusually high levels of fusion. For 
extrusion the 'situation is more complex. In general, fusion does increase with screw 
speed (shear rate), but the increase of fusion level with increase screw speed is not 
uniform due to'residence time effect. The magnitude of the effect of screw speed on 
fusion level is also very dependent on formulation (18). 
2.7 Foamed PVC Technology 
2.7.1 Polymeric Foam Overview 
Polymeric foams, also referred to as cellular or expanded polymers are multiphase 
material'systems that consist 'of a minimum of two phases, a polymer matrix and'a 
gaseous phase (13 1). The first polymeric foam was based on urea-formaldehyde resins, 
which have been developed since 1930s (132). Polystyrene foams achieved a certain 
commercial interest at the end of the 1940s, plasticised PVC foams at the start of the 
1950s and LDPE foams at the end of the 1960s, i. e. some 20 to 25 years after the 
commencement of large- scale industrial production of the thermoplastics. Since then, 
most polymers have been expanded into foamed products, bui'only a small number 
have been exploited commercially on a large scale. 
The main reasons for the continued growth in the usage of polymeric f6ams are a 
number of properties related to the reduction of density such as (132,133): 
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* Low material consumption and therefore low cost per unit volume. 
* Low thermal conductivity (good heat insulation) 
+ Higher stiffness per unit resin weight (rigid plastics) 
* Replacement of other materials e. g. timber. 
Structural foams comprise of a low density closed cellular core sandwiched between 
solid skins and the overall density is normally 35 or 40% lower than its solid 
counterpart. Since the late 1970s and early 1980s, there has been increased utilisation 
of structural foams for applications requiring rigidity and some load bearing capacity 
which includes polymers such as high-density polyethylene, polypropylene, PVC-U, 
modified polyphenylene oxide, polycarbonate and ABS (134). 
2.7.2 The Nature and Classirication of Foamed Polymers 
Polymeric foams are classified in the following ways (134,135): 
1) Cellular Morphology 
The cellular morphology can be described as open cell, or closed cell. ' With closed-cell 
materials the gas is dispersed in the form of discrete gas bubbles and polymer matrix 
forms a continuous phase. In open-cell foams the voids coalesce so that both the solid 
and the fluid phases are continuous. 
2) Mechanical Behaviour 
The American Society for Testing and Materials (ASTM) test classified foamed 
plastics into rigid or flexible (136). A flexible foam is one that does nor rupture when a 
20 x 2.5 x 2.5 cm piece is wrapped around a 2.5 cm mandrel at a uniform rate of I 
lap/5s at 10-25 T. Rigid foams rupture under this test. Most polyolefins, polystyrene, 
polycarbonate, some polyurethane and PVC-U-I are rigid; whereas rubber foams, 
elastomeric polyurethanes, and plasticised poly(vinyl chloride) are flexible. 
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3) Composition 
Foamed polymers exist in a wide range of different structural forms. They may be 
homogenous with a uniform cellular morphology throughout or the cells and density 
may not be uniformly distributed within the thickness. 
Foamed polymer may also be classified on whether they have in integral solid polymer 
skin or they"may be multicomponent in which the polymer'skin is' of different 
composition to the polymeric ceflular core ("sandwich" structures/laminates). 
2.7.3 Advantages and Applications of Foamed PVC-U 
PVC foams have a broad range of characteristics because the raw materials can be 
formulated in various ways and various processes are used in the fabrication of the end 
product. PVC foams can be made with or without plasticizers, so they 7 can fall 
anywhere on the continuum between flexible and rigid products. A wide density span 
is covered from approximately 30 kg/in3 up to 1200 kg/m3 with integral Ain foam 
(132). The world annual applications of foamed PVC-U have grown at 35 % per 
annum between 1991 and 1994 (29). As well as the reasons already specified in the 
advantages of foamed polymeric products, the other reasons for using foamed PVC 
products are (137): 
* Good chemical stability 
41 Good fire retardancy 
o Exceflent weather resistance 
e Ease and versatility of being able to be machined (similar to wood) 
* Maintenance and corrosion-free products. 
Foam extrusion of PVC has been practised since mid-1950s (138) and recently the 
application of extruded PVC-U foam has increased which represents another area of 
interest in the current PVC applications (139). The PVC-U foams, which have a 
closed cell structure with relatively high density and solid skins, are often referred as 
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structural foams. The main application for the PVC-U foams are in timber-replacement 
applications in the building and construction industries for which the weather resistance 
and high specific stiffhess of such materials are important attributes. (139), 
2.7.4 Foaming Process in PVC 
Foaming in cellular PVC is accomplished by adding a chemical blowing agent (BA) to 
the formulation in sufficient concentrations to give the desired density. The degree of 
foaming depends on ý the viscosity and melt elasticity of the PVC formulation, the 
vapour pressure of the blowing agent,, and the mutual effects of the PVC melt and BA 
on each other (137). Ideally, the blowing agent should not produce any gas untfl after 
the PVC blend has fused and can form a melt seal (140). This prevents gas escaping 
from the extruder. During processing, the blowing*agent WHI decompose quickly and 
afterexiting from the die the drop in pressure causes a'supersaturation of the gas 
dissolved in the melt. - The two phases, gas and melt, separate and the gas immediately 
forms innumerable bubbles, which are the nuclei of the foam cells. These bubbles will 
expand until the gas pressure inside the bubbles and the surface tension of the walls are 
in equilibrium (141). 'From the physics of liquids it is known that the internal pressure 
(p) of a bubble under a given surface tension (y) is inversely proportional to the bubble 
radius (r) according to the relationship: 
pi = 2y/r (2.36) 
The foam must harden and solidify as soon as this equilibrium is reached, or the cells 
will collapse. The fbarn structure is stabilised by rapid and intensive cooling. 
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2.7.5 Blowing Agents in PVC Foam 
The tenn "blowing agent" applies to substances that can produce pores or cells in 
polymeric compositions through the evolution of gases. Blowing agents can be 
classified into physical and chemical blowing agents. 
If the cells are formed through a change in the physical state of substance i. e. through 
an expansion of a compressed gas or evaporation of liquid, the material is called a 
physical blowing agent. The use of physical blowing agents for the production of PVC 
foamed articles has not been commercialised to any large degree (142). 
Chemical blowing agents are generally used for the foaming of PVC. These are 
compounds which are thermally unstable and decompose to yield gas over the desired 
polymer processing temperature range. Decomposition occurs over a narrow 
temperature range with evolution of a large volume of inert gas or mixture of gases. 
Even though a very large number of chemical blowing agents have been proposed over 
the years, only few are currently commercially important. The attributes of the ideal 
blowing agent are as follows (143): 
* Gas should be evolved over a definite and narrow temperature range which is the 
same as the desired polymer processing temperature. 
+ Rate of gas release should be rapid but controllable. 
+ The blowing agent and its decomposition residues should be nontoxic. 
* The blowing agent should have good storage stability. 
* The product must be cost-effective. 
* The blowing agent should disperse readily in the polymer. 
* The residues should be colourless, nonstaining, and odourless. 
* The gases produced should not be corrosive, and therefore nitrogen is preferred. 
* At decomposition a large exotherm is undesirable. 
+ The blowing agent and its residues should not affect the thermal stability or 
processing characteristics of the polymer. 
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The first chemical blowing agents were used in rubber during the last century. These 
were generally inorganic carbonates, which suffer from: 
" poor dispersiblity in the polymer mix 
" gas evolution which is not easily controlled, giving rise to foams with an open and 
coarse ceN structure. 
The advantages of organic blowing agents started to emerge with the introduction of 
diazoaminobenzene (DAB) in 1940 (144); 'again the first use was in rubber, and the 
advantage of this compound was the ability to 'form closed cell foams with 
conventional processing equipment. Pronounced staining of articles in contact with 
foams produced using DAB limited its suitability, but ffirther development in azo 
compounds resulted in Widespread use of 2,2'-azobis-isobutyronitrile (AIIBN) in PVC 
in the early 1940s. Toxicity of the decomposition residues caused this compound to 
fall from favour, and thus the stage was set f6r the entrance of azodicarbonamide 
(AZO). 
Azodicarbonamide fits most of the conditions listed in the foregoing section, but 
appears at first to have too high a'decomposition point to be of use in PVC. The 
thermal decomposition of Azodicarbonamide (145) is an irreversible and exothermic 
reaction which occurs over a range of temperature (180-2200C). However, the 
discovery in the late 1950s that azodicarbonamide decomposition point is reduced to 
coincide with the processing temperature window of PVC-U foam (I 60-190'C) by the 
same metal compounds used to stabilise PVC has resulted today in its dominance of the 
PVC market (142). 
Inorganic blowing agents such as sodium bicarbonate have also been used in PVC 
foaming. However this has a major drawback of decomposing over a wide 
temperature range. Foam blown by azodicarbonamide has shown more uniform cells 
and superior physical properties than foam blown by Sodium bicarbonate (146). 
However, the- investigation by Kim et al. (147)'has'shown that the use of a SBS/ 
azodicarbonamide mixed blowing agent systems gives better extrudate density control, 
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product colour and processability. This mixed blowing agent system now 
predominates within the foam industry. Therefore, an obvious step in blowing agent 
technology is to combine these two conventionally used- components into one 
integrated expansion system, thus reducing blowing agent additions from two to one. 
The performance of these new integrated expansion was found to exceed that of a 
conventionally mixed blend (148). 
The physical properties of PVC foams are affected by the concentration of blowing 
agent. Increasing blowing agent concentration produces decreasing density foams as 
expected until it reaches a minimum before it rises with additional blowing agent 
(33,140). This minimum density corresponding to a blowing agent level is referred to 
as the Gas Containment Limit (GCL) and can be used to evaluate the efficiency of 
processing aid in a formulation. Increasing blowing agent produces a larger number of 
finer cells, but at Gas Containment Limit the cells progressively rupture and collapse to 
nearly solid mass, thus giving an optimum BA addition level. Small adjustments in 
blowing agent level can cause dramatic improvement in surface quality, density and 
expansion ratio particularly, if the compound is near its expansion limit (140). 
2.7.6 Technology of Extrusion Foaming I 
In principle most thermoplastics can be extruded as structural foam although 
commercial activity has centred largely on PVC-U particularly for a range of internal 
and external building profiles (149). There are three basic process which have been 
used and each wiff be described in turn (13 7,149,150). 
2.7.6.1 Free Foaming Process. , 
In this process, free expansion of the extrudate takes place beyond the die face (Figure 
2.26). The foaming is superimposed by the melt elasticity and the memory effect of the 
extrudate, resulting in die swell. This causes an increase in extrudate cross-section and 
a reduction in extrudate length i. e. the haul off rate is less than the extrusion rate if the 
extrude is not drawn down. 
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In the free-foaming process, cells form in the entire cross section of the product. 
However cell growth on the surface is limited since the extrudate is cooled. Therefore, 
the entire cross-section of the extrudate displays an approximately even density, 
surrounded by somewhat denser, thin outer skin. The result is an integral foam with 
relatively high density near the surface and lower density in the core. Argrawal (15 1) 
has developed techniques using image analyser to characterise the thorough thickness 
density profile. He concluded that for free foamed PVC-U, an irregular density 
distribution with minimum density reduction near the surface is obtained. 
The advantage of free-foaming process is that the tooling cost is relatively low, hence 
the process is cheap. However, the limitations for this process are (150): 
(a) In free-foam systems the extrudate expands to fill the shaping area, and as a result 
it is difficult to obtain a shaped extrudate of low density with a smooth 
homogenous outer skin. However, modem blowing systems, with controUed post- 
die expansion, are available which are used to produce sldnned products with 
smoother surfaces. Even so, the skin is stiH thinner, and less durable than the 
surface produced by controlled foam process. The relatively thin skin formed 
restricts the use of this process for products of certain applications which require 
mechanical strength. 
(b) In free foam systems, the higher melt conditions required to ensure complete 
solubility of the evolved gases in the melt present problems in die design 
particularly with sheet and complex profiles. This restriction has limited the use of 
free foam to the production of extrudates less than 1-000 nuný cross-section. 
2.7.6.2 Integral Foam or Celuka Process 
This process uses a special die with an internal mandrel to split the melt stream, as 
shown in Figure 2.27. In the process, extrudate is intensively cooled over its entire 
surface immediately after leaving the die which suppresses cell formation on the 
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extrudate surface. Simultaneous calibration prevents enlargement of the cross section. 
Foaming is restricted to the core of the extrudate, with foam filling the cavity left by 
the internal die mandrel, as flow continues outside the die. In contrast to the free 
foaming process, there is no longitudinal dimension change. Accordingly the whole 
expansion is two dimensional. Integral forming yields products with a solid and hard 
skin with the thickness of the dense surface skin ranging from 0.1 to I mm, depending 
on intensity of cooling. 
This process can be used to produce pieces of almost any desired cross section, as well 
as sheet and tubing, as long the wall thickness is over-6 mm (150). This inward 
foaming process is used to produce profiles, boards and pipes having a compact 
surface. 
The main advantage of this method compared to free expansion of extrudate is the 
improved surface finish, which resembles that of solid thermoplastics. An increase in 
thickness of the compact skin is also possible to achieve. This can permit a significant 
density reduction of the core for equivalent flexural properties to a free-expansion 
extrudate of the same dimensions. The limitations of this process are: 
(a) it is patented by a company hence not cheap to run. 
(b) it has a more complex die (with internal mandrel system) which results in higher 
too ng costs 
2.7.6.3 Co-extrusion 
The third type of foaming process used for PVC-U foam processing is co-extrusion, 
which is a relatively new technique. The technique of co-extrusion, particularly in 
the production of extruded sheeting, where up to 4 extruders have been linked 
together to produce multilayer products, has been known for many years (ISO). The 
use of co-extrusion of foam with solid skin is another important application in the 
foam technology. 
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One of the most successfully co-extruded PVC-U foam developments has been the 
introduction of cellular cored PVC-U shutter sections for the European Window 
market. The use of co-extrusion systems for the production of foamed cored pipe 
(150) is also currently an area of considerable interest. This technique can be 
considered a hybrid system which whilst operating as a free expansion system, 
exhibits the characteristics of a controlled expansion system. 
2.7.7 Structural Characteristics Influencing Mechanical Properties 
The main structural characteristics which influence the mechanical properties of 
structural foam (including PVC-U foam) are (152,153) 
(1) Density proffle 
(2) Ceff size and cell size distribution 
(3) Skin thickness 
(4) Surface Texture 
The above structural characteristics will now be discussed in turn with special attention 
given to PVC-U. 
(1) Density Profile 
In PVC-U foam, a density distribution is always achieved. The density of PVC-U foam 
is influenced by the processing conditions, concentration of blowing agent and 
molecular weight of processing aid. 
The effect of extrusion temperature and shear rate on the foam extrusion of PVC-U 
was investigated by Kim et al. (154). They found out that foam density generally 
decreased with increasing extrusion temperature, which was attributed to decreases in 
both viscosity and surface tension as well as enhanced decomposition of the blowing 
agent. However, above a critical temperature, foam density increased with increasing 
extrusion temperature due to cell collapse before stabiNsation. The effect of shear rate 
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and hence volumetric flow rate was also examined. It was found that foam density 
decreased as the volumetric flow rate decreased, probably due to better mixing and 
reduced viscosity. 
Increasing the amount of blowing agents normally results in reduced density. 
However,, internal void formation may result if excessive levels are used. Ide and 
Okano (33) found out that the density of PVC-U foam varies in a unique way with 
blowing agent level. The density drops with increasing blowing agent to a minimum, 
and then rises with additional blowing agent. It was also seen that the minimum in the 
density curve would shift to lower values and higher blowing agent concentration with 
increasing molecular weight of the processing aid. Further work by Pfennig and Ross 
(140) has confirmed the findings by Ide and Okano (33). In another study by Haworth 
el al. (155), it was concluded that incorporation of high loadings of high molecular 
weight PA increased the extensibility and rupture stress in PVC foam compounds 
which are desirable characteristics for the extrusion of rigid cellular structures. - 
More recently, ý an investigation on 'the synergism between the blowing 7 agents 
azodicarbonamide and sodium bicarbonate was carded out (146). It was found out 
that the minimum value of foam density was achieved with an SBC level of 2.4 phr and 
AZO level between 0.2 and 0.4 phr. 
Cell Size and Cell Size Distribution 
Cell size and cell size distribution of foamed PVC-U products are mainly dependent on 
extrusion conditions adopted during manufacture. The cell formation and growth 
which occurs after the release of the pressure in, the PVC melt does not take place 
everywhere at the same time and the same speed, but rather both happen according to 
the basic statistic laws with the result that differing sizes are formed. 
Because of the higher internal pressure of the smaller cells, the tendency exists that the 
ceR volume of the larger cells increase at the cost of the smaller cells by diffusion of the 
gas. This happens in a direct way when the cell wall yields readily under the pressure 
91 
Chapter 2 Literature Review 
and then bursts. In order to prevent tearing and rupture of the cell walls, processing 
aid is added to the foam formulation. It is well known that acrylic processing aids have 
an immense benefit to foam PVC production, not only to accelerate the fusion process 
but to enhance uniform bubble formation as well. It is believed that the acrylic 
processing aids impart the necessary melt elasticity to the PVC formulation to trap the 
evolving gas and prevent the bubbles from coalescing (140). 
The formation of undesirably large cells can occur if the temperature of the PVC melt 
is too high or if the melt pressure in the die is too low. At increased melt temperature, 
the viscosity is lowered (and also melt strength) thus allowing the cell walls to be 
broken on leaving the nozzle or causing the formation of hollow cavities within the 
nozzle itself 
The work 'carried out by Agrawal (15 1) and by Thomas el al. (152) showed that for 
controlled foamed PVC-U and co-extruded PVC-U respectively, a no r-mal density 
distribution across the whole profile is obtained. The lowest density is shown to be in 
the middle. The study on the effect of processing conditions on the cells morphology 
of PVC-U foam by Thomas el al. (152) showed that the major factor governing the 
number of cells was the temperature of cylinder zone 4 (see Figure 2.28). Increasing 
this temperature gave the greatest increase in cell number. An increase in temperature 
of cylinder zone 3 also caused an increase in cell number, although the effect was less 
pronounced. Conversely increasing the die temperature caused a reduction in cell 
number (152). 
The effect of cell size distribution on flexural and impact properties of structural foams 
appear to be of secondary importance in relation to changes in density and skin 
thickness (153). 
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(3) Skin Thickness 
To achieve improved impact ý and flexural properties, thick high density skin with 
uniform low density foam core is preferable to higher density foamed cores combined 
with thin skin (153). In PVC-U foam the thickness depends on the method of 
extrusion: a thicker skin is achieved by the Celuka method compared to the free 
forming method, while in coextrusion the skin thickness can be specified more 
precisely. 
(4) Surface Texture 
During the extrusion process, melt expands during flow from the screw channel to the 
die and the expanding gas bubbles grow and collapse, resulting in an irregular or 
fractured flow front. The skin can have gas entrapped in it owing to the flow pattern 
described. Thus it has been found that a swirled effect exists, possibly leading to stress 
concentration and thus reduced impact strength (153) Therefore maintaining a good 
surface appearance is critical to many applications but difficult to control especially in 
free and inward foaming process (140). 
2.7.8 Mechanical Properties of PVC-U Foam 
Flexural modulus and impact strength are the two most important mechanical 
proper-ties of PVC-U foam with regard to its applications. 
2.7.8.1 Flexural Properties 
One of the principal advantages of structural foams compared to solid thermoplastics is 
their high stiffness to weight ratio. This quality often enables them to compete with 
materials such as metals in certain applications where limited weight is critical, and 
with wood when total fabrication costs are taken into account (153). Furthermore, 
since polymers are designed on a volumetric basis, the use of low density material is 
also advantageous from an economic point of view. 
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In order that the design engineer may fiffly exploit the potential of thermoplastics 
structural foams it is desirable to have a means of predicting their stifffiess. A 
frequently adopted method of stiftess prediction is to translate the solid skin and 
expanded core of a structural foam beam into an equivalent section of solid material 
(156). 
The central deflection of a sandwich beam in three-point loading can be calculated from 
elastic theory (153): 
S=WL 3 /48 EI (2.37) 
where 8= central deflection of a beam in three-point loading, W= load, L= span 
length, E= modulus, I= second moment of area (about the bending axis). 
Rearranging Equation (2.37) in terms of flexural rigidity, we have: 
E. 1 = Wl! /48 5 (2.38) 
To minimize 8 for a given load, beam length and component lifetime, we must increase 
either (or both) of the terms on the left side of this equation. For a rectangular section, 
the second moment of area (I) is given by: 
I=DB 3 12 (2.39) 
where D= breadth and B= thickness i 
This means the stiffness is proportional to the cube of the thickness: an important 
relationship which detem-dnes the thickness effect on the central deflection of a 
sandwich beam in a three-point loading. 
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A general case solution for a structural foam second moment of area(IsF) is: 
ISF ': -- 10 - [I I(I- (Ec/Ef (2.40) 
where, Io = the second moment of area of the actual (total) section, 11 = the second 
moment of area of the section occupied by the core material alone. 
If the product consists of solid-foam-solid sections from the same material, then the 
stiffhess ratio Ec/Ef required for the design calculation can be estimated with accuracy 
from a square relationship with equivalent densities: 
EC/Ef =(pclpd (2.41) 
Therefore from equations (2.39) and (2.41), it can be shown that halving the apparent 
density and doubling the section thickness results in a fourfold decrease in deflection 
under load compared to solid polymer of equivalent weight, since stiffhess is 
proportional to the cube of thickness. It can also be shown that a foamed polymer will 
result in a stiffer beam compared to a full solid section. with equivalent mass. 
--, 
t 
2.7.8.2 Impact Properties 
The impact strength of a foamed polymer is usually lower than the solid counterpart 
material due to the lower density and stress concentrations in the cellular structure. In 
accordance with recent trends in characterising solid plastics, the use of instrumented 
falling weight impact testing machines for testing structural foarn hai'been reported 
(157). - 
Relatively few studies of impact properties in foamed PVC have been reported (158- 
160). Thomas and Quirk (15 8) studied the use of bottle recyclate in rigid foarn PVC in 
which instrumented falling weight impact tests were carried out on samples containing 
different concentrations of recyclate. /virgin blend. They found out that profile 
properties were unaffected when virgin PVC was replaced with bottle recyclate. Using 
up to Mlo bottle recyclate did not affect the density, cell structure or impact 
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properties of the co-extruded foam profile. The results from instrumented falling 
weight impact tests showed that increasing levels of bottle recyclate had no effect on 
either the total energy to fAure or the ability of the profile to withstand surface 
cracking. Further discussion on the relevant papers will be done in the Chapters 5 and 
6. 
2.8 Microscopy 
Mcroscopy is the study of the fine structure (micron-scale) and morphology of objects 
with the use - of a microscope. It is an important technique to characterise the 
morphology of polymers and it is also widely used for the study of fracture and yielding 
mechanisms. Therefore, microscopy techniques have become one of the important 
instruments in the study of yielding mechanisms of rubber toughened polymers (56). 
The principles and the application of microscopy in polymers are discussed in several 
books (161-163). 
Microscopes range from optical microscopes, which can resolve details on the 
micrometer level, to transmission electron microscopes that can resolve details about 
one nanometer across- The size and visiblity of the polymer structure to be 
characterize generally determines which instrument to be used. Table 2.5 shows the 
basic properties of the different microscopes, for the purpose of comparison. 
Table 2.5: Properties of Optical and Electron Microscope 
Technique Optical Microscopy Scanning Electron Transmission Electron 
Microscopy (SEM) Microscopy (TEM) 
Resolution 300nm. 10 mn I mn 
Magnification 2-2000 20-1 x 10 5 200- 2x 106 
range 
Can observe Surface, or bulk if Surfaces only 'bulk' but very thin 
transparent films, less than 0.2pm 
Specimen Ambient I-Egh Vacuum I-Egh Vacuum 
Environment 
Radiation None Little Severe 
damage 
Specimen Easy Easy Very difficult 
Preparation 
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Optical microscopy techniques will be presented in section 2.8.1 whilst electron 
microscopy techniques in section 2.8.2. 
2.8.1 Optical Microscopy 
Optical microscopy is a technique used for the examination and characterization of 
polymers using visible light. -- The optical microscope is an instrument which produces 
enlarged images of very small objects (magnification range 2-2000x) by the interaction 
of light and object. The magnifying power is achieved in two stages (161): 
The objective forms a magnified image of the object near the top of the microscope 
tube. 
o The eyepiece acts a magnifier and &rther enlarges the image. 
Resolution on the order of 0.5 pm is possible, limited by'tlie nature of the specimen, 
the objective lens and ihe wavelength of fight. 
f 
The optical microscopes can be divided into two: 
1) Simple microscopes 
2) Compound microscopes 
Simple microscopes have only one' imaging lens and operate at low magnification to 
study large specimens. Compound microscopes have more than one imaging lens and 
operate at higher magnification and higher resolution, giving more detail of smaller 
specimens. 
The microscopes can be equipped for both transmitted and incident fight. in 
transmitted fight techniques, as shown in Figure 2.29, a light beam passes from a 
condenser lens systems through the specimen and into the imaging system, the 
objective and eyepiece lenses. Opaque materials or samples too thick to provide 
information by transmitted light techniques can be imaged using incident light. Here 
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the fight passes through the objective lens and is reflected from the specimen surface 
back into the objective. 
There are various modes of operation in the optical microscope. 
(A) Bright and Dark Field 
Bright field is the normal mode of operation of an optical microscope. The contrast in 
transmitted fight is based on variations of optical density and colour within the material. 
Carbon black agglomerates, pigment particles and other fillers are clearly observed in 
polymers in bright field as the matrix polymers are typically transparent. Dark field 
transmitted fight is less common, but has higher contrast. In reflected light, bright field 
illumination is provided through the objective lens, perpendicular to the specimen. 
Resolution of polymer samples is oflen poor due to low surface reflectivity,, scatter 
from within the specimen and glare from other surfaces. A metal coating on the 
surface (vapour deposited or sputtered) will increase the surface reflectivity. This 
enhances brightness and contrast in reflected light. Dark field in reflected light may be 
used to increase the contrast of surface roughness. If the specimen is not coated, dark 
field allows observation of subsurface features and details in reflected fight. 
(B) Phase Contrast 
Thin sections of polymer blends can give bright field images with little or no contrast 
between the components. Phase contrast technique permits the visiblity of low contrast 
objects and therefore this technique is especially useful in the examination of polymer 
blends. Transmitted fight phase contrast converts the refractive index differences in 
such a specimen to light and dark regions. Small differences in thickness are also made 
visible. 
98 
Chaptcr 2 Litcraturc Revicw 
(C) Interference Microscopy 
In interference microscopy the illumination is split into two beams. The beam splitter is 
a half silvered mirror in reflection, and one beam is reflected off the specimen, the other 
off a flat reference mirror. This technique is used to study surfaces of plastics, which 
are important from both aesthetic and technical viewpoints. Surface roughness 
differences may produce apparent differences in the'colour of pigmented products, 
changes in mechanical strength, and differences in ffictional strength. 
(D) Polarized Light 
Polarizing microscopy is the study of the microstructure of objects using interactions 
with polarized light. This, technique permits the observation of bireffingence 
differences, thickness differences or orientation variations within the sample, and 
therefore is widely applied to polymers. 
The behaviour of high-impact polystyrene under stress was studied by Bucknafl and 
Smith (69) by stretching thin films of the polymer on the microscope stage. Both 
phase-contrast and polarized light were used and the result revealed the formation of 
bands at right angles to the applied stress. These bands are shown to contain oriented 
polymer and are identified with the crazes in untoughened, polystyrene. 
2.8.2 Electron Microscopy 
Electron n&roscopy can be categorised into three techniques and these will be dealt 
with individuaUy. 
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2.8.2.1 Transmission Electron Microscopy 
In a transmission electron microscopy (TEM), the specimen is illuminated by -an 
electron beam (161)., This requires operation in a vacuum since air scatters electrons. 
The short wavelength of the electrons make it possible to obtain a high resolution. 
Resolution down to a few Angstrom is possible using normal accelerating voltages (70- 
120 keV), but penetrating power is low and the sample thickness is usually limited to 
0.2 pni (161). The resolution allows the dispersion of rubber-modified plastics to be 
studied, which makes the technique of obvious interest in the project. 
The TEM of rubber-modified plastics has been reported (88,103,164). Szarnborski 
and Hutt (103) used TEM to look at morphology near to the fracture surface of brittle 
and ductile fractures in acrylate rubber-modified - PVC. The work showed that the 
modifier particles in the area of a ductile failure were elongated in the direction of 
stress. The modifier particles in a brittle fracture did not show any sign of permanent 
deformation. 
The rubber particles are very soft and a mechanism for hardening them to prevent 
distortion during thin sectioning had to be devised. Staining the rubber-modified 
plastics with OS04 not only develops contrast between the rubber and matrix but also 
hardens the rubber (88). The other staining agent that was used for staining polymers is 
ruthenium tetraoxide (RuO4). Ru04 is shown to stain both saturated and unsaturated 
polymer systems that contain in their unit structure ether, alcohol, -- aromatic, or amide 
moieties (165). 
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2.8.2.2 Scanning Electron Microscopy (SEM) 
The scanning electron microscopy (SEM) is similar to the TEM in that both techniques 
employ a beam of electrons directed at the specimen. The difference between the two 
techniques is that,, in SEM- the electron surface beam is rastered across. the sample 
whereas the electron beam in TEM is fixed. Figure 2.30 shows schematically the basic 
components of SEM. 
SEM has become a standard method for examination -of material surfaces. The 
resolving power of scanning -electron microscope is much greater than that of an 
optical microscope, permitting highly detailed study of surface morphology. Another 
advantage of the scanning electron microscope is the large depth of focus. Whereas in 
the optical microscopy of a rough surface, continual refocussing is necessary to inspect 
regions at different heights, in SEM a large range of heights can be viewed 
simultaneously. 
Specimen preparation for SEM is quite simple. However for non-conductive'specimen 
such as polymers, a conductive layer is applied to the surface by an evaporation or 
sputtering technique. This is to prevent charging, which disrupts the image. 
In previous studies of fracture behaviour of impact-modified PVC, SEM was used to 
examine the appearance of a fracture surface (127,166,167). Fann (166) reported on 
the use SEM to correlate the appearance of a fracture surface to the impact strength of 
a PVC blend modified with MBS. Further discussion of this and other related papers is 
presented in Chapter 3. 
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2.8.2.3 Scanning Transmission Electron Microscopy (STEM) 
With a scanning attachment, TEM can be used as a technique called scanning 
transmission electron microscopy (STEM) The technique involves the focussing of the 
electron beam on the specimen throughout the condenser and the objective lenses into 
a very fine electron probe of 1-2 mn diameter. The probe is made to scan the 
specimen, scanning being synchronised with a cathode ray tube for the image display. 
The area scanned (and thus damaged) coincides with the area displayed and recorded. 
This means that the dose rate can be accurately selected and the amount of beam 
damage established. With careful control of the electron beam, the problem associated 
with high beam sensitivity of polymers can be overcome. 
A study on the use of STEM on CPE modified PVC was reported by Jones and 
Rightor (168). It was stated that observations made using STEM correlate well with 
those from the more time-consuming techniques., In this work, they claimed that 
individual CPE particles were present rather than a network of CPE. They did, 
however, conclude that size of these particles was a determining factor in the impact 
strength of CPE modified PVC. A lower particle size gave a higher notched Izod 
impact strength. 
In a more recent study, Calvert (127) has utilised STEM to determine the distribution 
of the acrylate rubber modifiers in the PVC matrix. In the study, it was found that the 
samples which were processed to high level of gelation, are characterised by a good 
distribution of acrylate rubber modifiers. Thus a correlation between gelation level and 
distribution of impact modifier was established. 
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Figure 2.5: Classification of Process Machinery in Terms of Mechanisms of Gdation (14). 
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Temperatures (17). 
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Figure 2.7t Effect of Processing Aid on PVC Fusion (30). 
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Figure 2.8: A Model of PVC Lubrication (not to scale) Showing Metal Lubrication and 
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Calcium Stearate (c) for Paraffin and (d) Calcium Stearate and Paraffin (37). 
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Figure 2.9: Craze Formation in an Amorphous Rigid Plastic (63). 
(Grey Area Indicates Columns Consisting of Plastic Material Yielded by Plastic Flow) 
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Figure 2.10: Schematic Diagram Showing Rubber Particle Morphology, Mean Diameter 
and Volume Fraction (82). 
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Figure 2.12: Tensile Yield Stress Plotted Against the Effective Rubber Volume (82) 
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Figure 2.13: Core/Shell Structure of Impact Modifiers (77). 
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Figure 2.14: Test Geometry, Loading Mechanism and Clamping Mode for Various 
Plastics' Impact Tests (97) 
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Figure 2.15: Instrumented Falling Weight Impact System (100). 
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Figure 2.16: Schematic Diagram Showing Size and Shape of the Plastic Yield Zone 
(shaded) in Fracture Test Specimens Differing in Thickness (77). 
(A) Plane Stress Failure with Minimal Edge Constraint so that Ey is finite and cry = 0; 
(B) Plane Strain Failure in a Thicker Sample; With the Exception of Relatively Small Zones Close to 
Each Surface, Ey=0 and the Stress Distribution is Tria)" Since cry is Finite. 
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Figure 2.17: Geometry of Shear Flow (97). , 
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Figure 2.18: Geometry of Elongational Flow (97) 
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Figure 2.19: Viscoelastic Behaviour of Polymer Melts (97). 
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Figure 2.20: Flow Curves of Idealised Fluids (97). 
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Figure 2.21: Functional Parts of a Typical Single Screw Plastics Extruder (97).: (1) feed 
hopper (gravimetric dischargey, (2) screw, (3) barrel; (4) electrical heaters-, (5) die body, (6) breaker plate 
and screen pack; (7) die mandrcl; (8) die-head clamV, (9) motor and reduction gearbox; (10) thermocouples, 
(11) pressure transducer, (12) control panel. (F), (C) and (M) refer to the feed, compression and metering 
zones of the extruder. 
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Figure 2.22: Diagram of the Operation of Corotating and Counter rotating Twin Screw 
Extruders 
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Figure 2.23: Geometric Shape of the Discrete "C-shaped" Chambers in an Intermeshing 
Counter Rotating Twin Screw Extruders (97). 
Iz -) 
W 
pores 
rains 
C. - 100 pm) (go 
Primary parlkles 
((# 
z05 pm) 
-PVC 
oddillwes 
// 
MCI-bubbles 
additives 
/. 
a 
d 
Figure 2.24: Plasticization and Homogenisation or Pvc (128). 
(a) Up to about 160 *C the powder grains slide spinst each other they form units of flow. 
(b) Above 160 *C - depending on the shear rate - the PVC grains break open and the smaller primary particles form the unit of flow. 
(c) Above about 190 T the primary particles also melt. As they do so the additives - according to their cornpatibility - are either 
dissolved in the PVC or precipitated (Le. small inclusions are fonne4 
(d) if the temperature is further increased or the residence time is prolonged, decomposition begins and small bubbles of HCI are 
formed. 
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Figure 2.25: Effect of PVC Gelation (Temperature-Generated) on Fracture Toughness 
(Kc) and Strain Energy Release Rate (Gc) for Acrylic-Modified PVC (118). 
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Figure 2.27: Integral Foam (Celuka Process) 
(a) Extrusion Nozzle (b) Cooled Shaping Section 
(c) Torpedo (d) Hard Skin (e) Foamed Core 
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Figure 2.28: Schematic Diagram orMain Extruder (152). - 
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CHAPTER 3 
DUCTILE-BRITTLE TRANSITION IN ACRYLATE RUBBER- 
MODIFIED PVC 
3.0 Introduction and Objectives 
it has been observed that normally-ductile materials oflen fail prematurely through 
brittle fracture. Parameters which influence the ductile-brittle transitions of polymers 
has been discussed in section 2.3.4. The transition from ductile to brittle failure 
occurs when the yield strength is equal to brittle strength (1). In high-loading 
conditions, parameters such as temperature and strain rate become more important 
due to the viscoelastic nature of polymers. Unnotched unplasticised PVC (PVC-U) 
specimens show considerable ductility in slow rate tension tests but when notched 
and tested under high-loading rate they fail in a relatively brittle manner with low 
impact strength. With the presence of rubber-based polymer in, PVC, the yield 
strength decreases thus improving the impact strength of the rubber-toughened 
polymers resulting in the shift of the ductile-brittle point to a more severe condition 
M- 
Extensive studies on various rubber-toughened polymers have,, been. carried out to 
establish the relationship between the structure of the rubber and efficiency in 
shifting the ductile-brittle transitions (2-7). 
, 
One of the important variables in 
structure-property relationship study of rubber-toughened polymers is rubber particle 
size. The studies have shown that there is an optimum particle size for each rubber 
toughened polymer (8). 
impact behaviour studies of rubber-toughened nylon has recently attracted the 
interest of many researchers (5-7,9). The influence of rubber concentration and 
rubber particle size on the impact behavior of nylon-rubber blends was studied by 
Borggreve et aL (5) who concluded that with increasing concentration and 
decreasing particle size the ductile-brittle transition temperature decreases and hence 
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impact behaviour improves. A relationship between the ductile-brittle transition 
temperature and interparticle distance was found. Later it was shown that 
interparticle distance is not the only parameter which determines the impact strength 
of a nylon-rubber blend (9). The mechanical properties of the impact modifier were 
shown to have a decisive influence. 
Determining the toughening mechanism in rubber-toughened polymers is also an area 
of great importance to optimise the properties (2). The theory and development of 
toughening mechanisms in rubber-toughened polymers has been discussed in Chapter 
2. There have been relatively few studies on the toughening mechanisms of impact- 
modified PVC at high strain rate and most of the research concentrated on MBS 
impact-modified PVC. The first study reported was by Petrich in 1969 (10). His 
study on MBS impact-modified PVC has indicated that a primary contribution of the 
modifier is to increase toughness by lowering of the yield stress of the PVC. 
Electron microscopic studies and , density determinations on strained samples 
indicated no crazes in these modified PVC systems which suggests that mechanism 
of impact reinforcement in PVC is based on the enhancement of localized'shear 
yielding in the vicinity of the rubbery modifier particles. 
Breuer el al. (11) investigated the causes of stress whitening in MBS-modified PVC, 
who also did not find any extensive crazing. By using transmission light microscopy, 
it was demonstrated that the ruptured rubber particles were accumulated in bands 
which corresponded to shear bands in the PVC matrix. They concluded that the 
rubber particles improved the impact strength of PVC by initiating shear bands, and 
not by generating crazes. 
Dompas el al. (12,13) studied the effect of rubber particle size and dispersion on 
deformation mechanisms and mechanical properties of PVC/MBS blends. They 
concluded that MBS rubber particle cavitation or debonding leads to a higher impact 
toughness of the PVC/MBS blend by enhancing the ductile shear yielding mode. 
From the Izod impact data, they deduced that there exists an optimum in the energy 
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absorbed by the specimen as a function of particle size, which is around 170-250 nm 
depending upon MBS particle type. 
As mentioned in Chapter 1, the current trend in window frame application shows the 
importance and popularity of high impact-acrylate modified PVC. The objective of 
this research is to extend the existing knowledge of toughness enhancement in 
rubber-toughened polymer materials to acrylate rubber-modified PVC, ý similar to 
compounds used in window frame applications. Earlier work was conducted at 
Loughborough University to look at various aspects of the process in relation to 
processing, the morphology development and subsequent impact properties of high 
impact acrylate-modified PVC (14). 
Another study on impact strength of acrylate-modified PVC has been reported by 
Hemenway el al. (15). Instrumented Izod impact testing was used with three 
experimental variables i. e. temperature, radius of the notch, and impact modifier 
types. The impact modifiers examined are the commercial all-acrylic impact 
modifiers from Rohm, and Haas, representing standard and newly developed 
technology. In the paper (15), no explanation was given on the difference between 
the standard and the new-modified sample, but it is thought that the impact modifiers 
differ in their rubber particle size and core-to-shell ratio. Their result at 12 T shows 
that the new-modified sample undergoes its ductile-brittle transition at smaller notch 
radius than does the standard modified sample. Figure 3.1 (A and B) shows that for 
sharp notched samples (notch radius of 0.03 mm) at 25 "C, the failure energy for the 
impact modified is about 10 times greater than the unmodified samples although the 
force needed to cause, fracture is similar for both samples. It can therefore be 
concluded that the impact modifiers do not significantly change PVC's maximum 
loading, but rather increase PVC's ability to yield. 
In another report by Weier and Hemenway (16) on instrumented Izod impact testing 
of acrylate-modified PVC, the effects of higher temperature on notched Izod energy 
are found to be related to an increase in elongation of the sample. Large notch radii 
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act to increase both the effective stressed area of the sample and in ductile cases the 
elongation of the sample. 
The effect of temperature, notch radius, and the presence of acrylic modifier on the 
brittle to ductfle transition in PVC was investigated by Havriliak et al (17). The 
experimental variables were notch radius (from 0.025 to 6.35mm in 8 steps) and two 
temperatures (23 T and 12.5 'Q. The brittle to ductile transition is clearly observed 
at 12.5 OIC with the transition occurring at smaller notch radii for the impact-modified 
PVC. In the transition region, the total energy drops from the 1,000 to 2,000 J/M 
range to less than 150 J/m as a result of notch-tip radius decrease. In this region, 
maximum loads remain the same while the times to break becomes much shorter for 
the brittle materials. 
Studies on toughening mechanism at high strain rate and structure-property 
relationship will be carried on acrylate rubber-modified PVC since very little work 
has been done in this area. The main objectives of this section are: 
Ductile-Brittle Transitions in Acrylate Rubber-Modified PVC-U 
To use an instrumented falling weight impact test (IFWI) method to determine 
ductile brittle transitions in acrylate rubber-modified PVC-U and to study the effects 
of 
o rubber particle size 
strain rate 
o temperature 
In addition, the following were also investigated using the IFWI: 
* the effect of filter level on peak energy, failure energy and peak force. 
* the effect of notch radius on impact strength. 
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(2) Toughening Mechanism in Acrylate-Modified PVC 
To develop techniques using the Scanning Electron Nficroscope (SEM) and 
Transmission Electron NEcroscope (TEM) for the study of the deformation, 
toughening and fracture mechanisms in acrylate-modified PVC, in response to high 
velocity loading. 
3.1 Experimental 
This section describes the materials, sample preparation and tests carried out in the 
study. 
3.1.1 Materials 
The PVC used in this study is a suspension resin with solution viscosity K-value 68, 
Evipol SH 6830, supplied by EVC. The acrylate-grafted PVC copolymer is Vinýidur 
SZ (solution viscosity K-value 66) supplied by BASF with 6% rubber content. The 
additives used are shown in Table 3.1. 
Four different types of core-shell acrylic impact modifiers were used in this study. 
Three modifiers, referred to here as A, B, and C are of the core and shell type 
particles which were thought to differ in their rubber particle size and core to shell 
ratio. The outer shell is made up of PMMA which is compatible with PVC and the 
core consists of polybutyl acrylate (PBA) rubber. The other modifier referred to as 
D is acrylate rubber grafted to the PVC, i. e. as a rubber phase in a copolymer. 
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Table 3.1: Types and Suppliers of Additives , 
Additives Types Suppliers 
impact Modifier Core-shell type 
acrylic modifier 
Rohm and Haas 
internal Lubricant/ 
Stabifiser 
Calcium Stearate 
External Lubricant Paraffin Wax 
(Irgawax 367) 
Ciba-Geigy 
Light Stabiliser Tinuvin 320 Ciba-Geigy 
Heat Stabiliser Tin (Irgastab T196) Ciba-Geigy 
Processing Aids AcUlic (PA K120N) Rohm and Haas 
Processing Aids Acrylic (PA K175N) Rohm and Haas 
3.1.2 Blend Formulations. 
The PVC blend formulations are shown in Table 3.2. These are based upon a tin 
stabilised formulation, but vvithout the pigment and Hers usuaUy present in 
commercial window profile materials (in order to enhance optical transparency in 
microscopic studies). 
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IIi Table 3.2 : Blend Formulations 
Blend 
ingredient MO Ml M2 M3 M4 
PVC I 
1 
100 100 100 100 
impact Modifier A 6.4 - 
Impact Modifier B 6.4 - 
Impact Modifier C - 6.4 - 
PVC-Ac Copolymer - - 100 
External Lubricant 1.5 1.5 1.5 1.5 1.5 
Internal Lubricant 1.0 1.0 1.0 1.0 1.0 
Light Stabiliser 1.5 1.5 1.5 1.5 1.5 
Heat Stabiliser 2.0 2.0 2.0 2.0 2.0 
LPr=ocessing 
Aids 2.0 
1 
2.0 2.0 7ý .0 .0 
Numbers indicates parts per hundred resin (phr) in blend 
In the PVC-acrylate rubber blends, 6.4 phr impact modifier was chosen to be equal 
to the amount of impact modifier presentlin the PVC-polyacrylate copolymer. The 
concentrations of other additives were based upon typical commercial PVC window 
formulations. 
3.1.3 Dry Blending 
A high speed laboratory mixer (Fielder 8L) was used to blend PVC and the 
additives. PVC and the solid additives were added when the set temperature reached 
80 T. The mixer was switched on and the mix was agitated at 2000 rpm. The 
temperature was then reset to 125 T. When the actual temperature of mixer 
reached 75 T, the rotor speed was reduced to 1000 rpm and the stabilizer in liquid 
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form was then added. The rotor speed was then increased to 2000 rpm. The mix is 
then agitated until the real mixer temperature reached 120 OC. At that temperature 
the speed of the rotor was reduced to 1500 rpm. The blend is then dumped into 
cooling chamber (Fielder 12L) and was left for 5 minutes before being collected. 
3.1.4 Two-Roll Milling 
To produce moulded flat sheet, the dry blends of PVC and additives are firstly 
sheeted on a two roll-mill. under operating conditions as shown in Table 3.3. Milling 
was continued for 5 minutes after gelation of PVC. 
Table 3.3: Milling Operating Conditions 
Material quantity 250 g 
Front roll speed 21 rpm 
Friction ratio 1.5 
Set temperature of roll 180 OC 
3.1.5 Compression Moulding 
A mould was designed and fabricated for compression moulding of samples at 
various thickness (2 mm minimum) as shown in Figure 3.2. The thickness of the 
samples can be increased by using spacers between the lower and upper mould 
plates. 
Flat sheets with dimensions of 120 mm by 120 nun and 3 nim thickness were 
produced by compression moulding the milled sheets at the set temperature of 185 
"C. Based on calculation, enough quantity Of the milled material was placed inside 
the mold and pressed at low pressure (6.06 MPa) for 3 minutes and high pressure 
(24.22 NTa) for 4.5 minutes at 185T. 
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3.1.6 Impact Modifier Size Analysis 
The particle size and particle size distribution of impact modifier particles (as 
supplied) were determined by using the Coulter LS 130 machine. The Coulter LS 
130 machine uses laser light at 750 mn to size particles from 0.4 [Irn to 900 t1m. 
diameter by light diffraction. The impact modifier particles were dispersed in water 
with Coulter dispersant added before analysis. 
3.1.7 Instrumented Falling Weight Impact Testing 
Samples for impact testing were cut from the compressed sheet according to the size 
specified in BS 2782: Part 3: Method 359 (1984) as shown in Figure 3.3. Dummy 
bars were routed to the standard size on a tungsten carbide cutter using a template. 
Sample dimensions were measured using vernier calipers. Notching was carried out 
using the broaching tool and fixture shown in Figures 3.4 and 3.5 respectively. The 
notches are 'dead-sharp' unless otherwise stated. The notch depth was measured 
using a travelling microscope. 
The impact strength assessment was done using a Rosand Type 5 Instrumented 
Falling Weight Impact (IFWI) Tester. The Rosand type 5 uses a Kistler piezo- 
electric transducer which can produce (as standard) full scales fi7om ION to 50 OOON. 
The impactor used has the same radius as that of the pendulum used in a 
conventional Charpy test. To retain consistency with the conventional Charpy test, a 
jig which allowed a span of 40mm. was used. The device shown in Figure 3.6 
enabled the specimen to be centred so that the impactor struck directly behind the 
notch. 
The test cycle is controUed by a microprocessor system (see Figure 3.7). From the 
moment of crack initiation the sensor measures and stores the force readings on a 
transient recorder and carries out calculations on these readings. Force-time data are 
converted into force-distance data by assuming constant velocity and from these 
data, failure energies, forces and deflection are calculated. 
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The system allows certain parameters to be set before testing. Parameters which 
were used in all tests are listed in Table 3.4. 
Table 3.4: Parameters Set on the Instrumented Falling Weight Impact Tester. 
Mass (kg) 25 
Delay 10 
Sweep time (ms) 5 and 10 
Force range (N) 0-200 
Temperature CC) -40 to 80 
The sweep time sets the length of time that recordings will be taken (and thus the 
frequency) after the data capture system has been triggered. . Lowering the sweep 
time increases the resolution as all the data points are recorded in shorter time span. 
The lowest available setting is 2 ms but it was found that in certain cases this did not 
permit the fuH trace, to, recorded. A setting of 5 and 10 ms was found to be 
satisfactory and was therefore adopted as standard. 
Delay values range from 0-10 and indicate the number of points recorded after the 
trigger. 0 therefore means that all points recorded occurred before the trigger pulse 
was received, 10 indicates that aH values collected occurred after the trigger pulse. 
To investigate the effect of strain rate on impact strength, the impact velocity was 
varied between I to 6 m/s by dropping the mass at the appropriate height with the 
temperature kept constant at 20 T. Another series of tests was also conducted at 40 
T for blends MO and M2. The relationship between the height of the impactor and 
the impact velocity is shown in Table 3.5. 
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Table 3.5: Relationship Between Impactor Height and Impact Velocity 
Impactor Height 
(mm) 
Impact Velocity 
(M/S) 
51 1 
204 2 
459 3 
816 4 
1276 5 
1837 6 
In studying the effect of temperature on impact strength, the impact velocity was 
kept constant at 3 rnýs whilst the temperature was varied. The temperature range for 
the modified samples was between the 40 and 60 OC and for blend MO the range was 
extended to 80 "C. The samples were left in the environmental chamber (Rosand 
Temperature Control Unit) for at least 25 minutes at the specified temperature prior 
to testing. For below room temperatures in the environmental chamber, liquid 
nitrogen was introduced into the chamber from the tank (Figure 3.8). 
To study the influence of notch-tip radius on impact strength, O. lmM notch-tip 
radius samples from blend M3 were also tested at 0T and 3 m/s. Comparison With 
the 'dead sharp' notch-tip radius samples tested at the same conditions could 
therefore be made. 
The reported values for the IFWI test were the average values of five or more 
specimens. 
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3.1.8 Yield Stress Analysis 
In order to establish the yield stress of the unmodified and acrylate-modified PVC 
under high strain rates, tensile tests on un-notched samples (dimensions shown in 
Figure 3.9) were conducted using a JJ Lloyd Universal tester equipped with DAP2 
software for data logging. Yield stress was measured as a function of both 
temperature (0 and 20 T) and crosshead speed (5 and 25 nun min"); an 
extrapolation technique was used to obtain the yield stress data at impact velocities 
of I to 6 m/s. The reported values for yield stress analysis were the average values of 
five or more specimens. The predicted high strain rate yield stress values Will be 
used to confirm the validity of the ffacture data in Chapter 4. 
3.1.9 Transmission Electron Microscopy 
The rubber particle size of the unfractured samples; and toughening mechanism of 
the fractured samples were examined using Transmission Electron Microscopy 
(TEM). Examination was made of both unstained and stained specimen. Two 
staining agents were utilised; osmium tetraoxide (OsO4) and ruthenium tetraoxide 
(RuO4) were each used to enhanced the contrast between the rubber and PVC 
matrix - 
The specimen is first trimmed to a pyramidal point, and then -carefully 
ultramicrotomed to produce a truncated pyramid with a perfectly smooth top about 
0.2 mm across. The sectioning was done at room temperature on a Cambridge 
Huxley Ultramicrotome using a freshly prepared glass knife. 
For the specimens stained with OsO4 two techniques were used: 
* in the first technique, the specimens were sectioned (0.2 pm. thick) prior to the 
staining. The specimens were stained by immersing in a 1-2 % aqueous solution 
Of OS04 for 5 days to assure adequate penetration of the metal oxide prior to 
ultrathin sectioning. 
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e In the second technique, the specimens were sectioned (0.2 gm thick) after the 
staining. This was done with the purpose of hardening the rubber to minimise the 
possibility of tearing during sectioning. - 
For specimens stained with RuO4, the fbHowing technique was used. After the 
ultrathin sectioning, the samples were exposed to the RuO4 solution for a period 
between 5 to 25 minutes. 
The sections were mounted on copper transmission microscope grids of 300 square 
mesh. Examinations were performed on JEOL JEM IOOCX Transmission Electron 
Mcroscopy using an accelerating voltage of 100 M 
For the rubber toughening mechanism study, sections are cut ftorn both parallel and 
perpendicular to the fractured surface (see Figure 3.10). To determine the rubber 
particles size, the TEM micrographs from the unfi-actured samples were analysed 
with the image analyser. 
3.1.10 Thermal Analysis 
Differential thermal analysis (DuPont 2000 equipped with a DSC cell) was used to 
study the heat of fusion and maximum processing temperature. The material (10 to 
15 mg) from the compressed PVC sheet was placed in a sample pan and, together 
with an empty reference pan was scanned from room temperature to 240 OC at a 
heating rate of 20 *C /min. The cell operates at a constant heating rate using a single 
heating block to supply heat to both sample and reference pans. Endotherms and 
exortherms will then be indicated together with the temperature ranges over which 
they occur. 
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3.1.11 Scanning Electron Microscopy 
The main use of Scanning Electron Nficroscopy (SEM) in this study is to analyse the 
fracture surfaces of the impact-modified and unmodified samples. The fracture 
surfaces were prepared for examination by SEM by sputter coking with gold on an 
Edwards model E 12 vacuum coater. A Leica Cambridge Stereoscan 3 60 SEM was 
used to examine the coated surfaces using a working voltage of 10 M 
3.2 Results 
The results of the test and analysis described in section 3.1 Will now be given in turn. 
The results from the analysis of the impact modifiers will be presented first. Two 
types of analysis were done on the impact modifiers: the first one was the Coulter 
Counter to measure the size of the overall impact modifier whilst the second was 
Transmission Electron Microscopy (TEM) on the untested samples and image 
analysis, to measure the core of the impact modifier, i. e. the rubber particle size. 
This is then followed by the results from the impact and tensile tests. Finally the 
results from the characterizations of tested samples will be presented. 
Coulter Counter 
The results on the analysis of the overall particle size and particle size distribution of 
the impact modifiers using Coulter Counter are shown in Table 3.6 and the typical 
size ditribution is given in Figure 3.11. From Figure 3.11, mean is the sum of all the 
values divided by the number of particles. Median is define as the middle value when 
it is arranged in ascending order and mode is the most frequently occuring value. 
The result shows that the diameter of impact modifier A is the largest, followed by 
impact modifier C and impact modifier B. 
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Table 3.6: Particle Size and Particle Size Distribution of Impact Modifiers 
Impact 
Modifier A 
Impact 
Modifier B 
Impact 
Modifier C 
Mean (gm) 1.628 0.583 1.113 
Median (gm) 1.297 0.500 0.948 
Mean/Median Ratio 1.255 1.165 1.174 
Mode (gm) 1.116 0.449 0.776 
95% Confidence Limits (gM) 0-6.77 0-1.98 0-4.01 
Standard Deviation (pm) 2.62 0.711 1.48 
3.2.2 Transmission Electron Microscopy - Untested Samples 
Transmission Electron Microscopy (TEM) is an established method for the 
characterization of the structure of heterogeneous polymer systems at high levels of 
resolution. In this study, TEM was used to determine the rubber particle size and 
toughening mechanism. The results from the determination of the rubber particle 
size are presented in this section whilst the results of the toughening mechanism are 
given in section 3.2.5. 
A transmission electron micrograph of an unstained specimen (blend M3) is shown in 
Figure 3.12. It was observed that even without any staining, there is contrast 
between the rubber particles (which are lighter) and the darker PVC matrix. Calvert 
(14) has also confirmed that the lighter particles are impact modifiers in his study on 
unstained acrylate rubber-toughened PVC using STEM (Scanning Transmission 
Electron Nficroscopy). The white blobs are suspected to be holes due to the 
sectioning and therefore difficulty arises in differentiating between holes and the 
impact modifiers. This problem has also been highlighted by Calvert (14) when he 
compared the distribution of two samples, i. e. mixed modifier system and modifier 
system based on copolymer only. 
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The need for selective staining agents to enhance electron density contrast for TEM 
studies of heterogeneous polymer systems is widely acknowledged (2,18). 
Therefore, two staining agents have been used in-the present study, i. e. RuO4 and 
OS04 for this purpose. As shown in Figure 3.13 (A-D) a good contrast between the 
acrylate rubber 
' 
and PVC matriX*was-obtain&d when RuO4 was used as staining 
agent. In the TEM micrographs, it is observed that the rubber particles are being 
stained and become darker than the PVC matrix. In a review by Trent et at. (18) on 
the use of Ru04 as a staining agent for polymers, PVC was listed as a polymer which 
is not stained by RuO4. With this knowledge, it gives us more confidence in utilising 
RuO4 as a staining agents for the study of acrylate rubber-toughened PVC. To our 
knowledge, no work has so far been reported on the use of RuO4 as a staining agent 
in TEM study of any rubber-toughened PVC. 
An initial check was made to confirm that the darker particles in the micrographs did 
indeed represent acrylate modifiers. Comparison between micrographs of modified 
pVC (figure 3.13 A-D) and the unmodified specimen (Figure 3.13-E) confirmed 
that the darker particles are clearly those of the particulate rubber modifier, which is 
approximately between 0.2 and 0.4 gm in diameter. 
Measurement of the rubber particle diameter of the impact modifiers was determined 
using image analysis on the transmission electron micrographs of unfractured 
specimens stained by RuO4. The image analyser consists of a 486 - Personal 
Computer with Foster Finlay PC-Image Software. The image analysis was 
performed on a traced version of the transmission electron micrographs for which 
the modifier particles were highlighted for reasons of optical contrast. 
Table 3.7 shows the diameter of the rubber particles measured using image analysis 
of the transmission electron micrographs. It shows that impact modifier B has the 
largest rubber particle size followed by impact modifier A, impact modifier D and 
impact modifier C. Figure 3.14 illustrates the relative core and shell sizes of the 
three blended impact modifiers. 
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Table 3.7: Rubber Particle Diameter of the Impact Modifier 
A B c D 
Mean (pm) 0.269 0.320 0.235 0.246 
Std. Deviation (pm) 0.025 0.023 0.040 0.02 
3.2.3 Instrumented Falling Weight Impact Testing 
The results from the instrumented falling weight'impact (IFWI) tests will be further 
divided in to 5 subsections. 
3.2.3.1 Effect of Filter Freguency on Force-Deflection Traces 
The study of the effect of filter frequency on force-deflection traces in Instrumented 
Falling Weight Impact (IFWI) testing is important to determine the most suitable 
filter frequency for all future IFWI testing work. During impact there are vibrations 
which interfere with the true force-deflection curve and therefore filtering of the 
noise is necessary to remove part of the curve due to the interference. The Rosand 
Impact Tester has a facility whereby the signal can be electronically filtered. The 
frequency of the filter control can be set manually at levels between I and 20 kHz. 
For example, a setting of I kHz indicates that the signal is re-processed to remove all 
vibrations which have frequency greater than'l kHz and hence is the"harshest' filter. 
As it is possible to apply a different filter to the same original signal, the influence of 
filter frequency on peak force, peak energy and failure energy can be studied. 
The study of the effect of filter frequency on force-deflection traces was carried out 
at an impact velocity of 3 m/s which is very similar to the impact velocity of Charpy 
impact Testing (2.98 m/s). It was also decided that in the study of the variation of 
impact strength with temperature, a constant impact velocity of 3 M/s would be 
used. The shape of the curves changes as the filter frequency changes. Figures 3.15 
(A-D) show the effect on the shape of the curve of applying 1,3,5 and 7 kHz filters 
respectively. A low filter value such as I kHz gives a smooth trace which is easier to 
analyse. However, it may remove part of the signal which is due to the fracture of 
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the sample. This would in turn lead to fracture values which would be unduly 
pessimistic. However, reducing the severity of the filter from I to 3 kHz reveals the 
presence of another peak before the maximum peak. This first peak increases with 
increasing filter frequency used. The possible causes for the first peak are the inertial 
loads on the sample and the oscillations in the impact system (19-23). Further 
discussion on this aspect of testing will be considered in Chapter 4. 
The variation of data output (such as peak force, peak energy and failure energy) 
with filter frequency from the IFWI test of a brittle fractured sample tested, at 3 m/s 
was obtained. Figures 3.16-A and 3.16-B present the variation of the peak force, 
and peak and failure energy respectively, with filter frequency. The results clearly 
indicate that the peak force increases with increasing filter frequency. However, it 
was observed that peak energy and failure energy decreased initially as the filter 
frequency increased from I kHz to 2 kHz. However, from 3 kHz to 10 kHz the 
values for peak energy and faBure energy remain steady at around 25 mJ and 38 MJ 
respectively. Both the peak and failure energy also seem to reach the plateau at 
around a filter frequency of 3 kHz. This initial result is in agreement with the earlier 
finding by Calvert (14) that force and energy data were sensitive to filter level and 
appropriate filter level for apparatus/specimen combination is thus necessary. 
From Figures 3.15-A and 3.16-13, it can be observed that for the filter frequency of I 
kHz, the peak energy (i. e. the crack initiation energy) appears to be less than the 
propagation energy, which is not expected for brittle failure samples. However as 
the filter frequency increases from I kHz to 3 kHz (as shown in Figure 3.15-B and 
Figure 3.16-B), the peak energy (i. e. the crack initiation energy) is greater than the 
propagation energy which is more realistic for brittle failure samples. 
As mentioned earlier, the study of the effect of filter frequency on force-deflection 
traces in Instrumented Falling Weight Impact (UMI) testing is to determine the most 
suitable filter frequency for all future IFWI testing work. The filter frequency of 3 
kHz was selected for future work for the following reasons: 
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(a) A low filter frequency of I kHz is not suitable because it may remove part of the 
signal which is due to the fracture and will lead to fracture values which would be 
unduly pessimistic. The force-deflection traces obtained from tests filtered at I kHz 
also showed the propagation energy to be greater than peak energy (crack initiation 
energy), which is unrealistic for brittle failure samples. 
(b) At filter frequencies above I kHz, the force-deflection traces show the presence 
of another peak which increases with increasing filter frequency. A high filter 
frequency therefore is not suitable because as the filter frequency increases, the 
deviation from an ideal force-deflection trace (i. e. a smooth trace) increases due to 
the presence of dynamic effects. 
(c) A filter frequency of 3 kHz is found to be a good compromise between 
minimising the interference of the noise and having unrealistic and unduly pessimistic 
fracture values. It is also observed that both the peak and failure energy reached the 
plateau at filter frequency of around 3 kHz. 
3.2.3.2 Effect of Impact Velocity on Force-Deflection Traces 
Having determined that the most suitable filter frequency was 3 kHz which was then 
used in all future studies, another study was carried out to investigate the effect of 
impact velocity on force-deflection traces. The shape of the curves changes with 
changes in impact velocity (see Figure 3.17). At an impact velocity of I m/s, a 
relatively smooth force-deflection trace is observed, - showing that the dynamic 
effects are not so significant. As the impact velocity increases to 3 m/s, two peaks 
were observed with the first one much lower than the maximum peak. As mentioned 
in section 3.2-3.1 -, the possible causes 
for the first peak are the inertial loads on the 
sample and the oscillations in the impact system (19-23). It also appears that the 
proportion of propagation energy increases slightly as the impact velocity increases 
from I to 3 m/s. This is unexpected because the propagation energy should decrease 
with increasing impact velocity if the materials become more brittle. This may 
therefore influence the overall failure energy, but not to a large extent. 
145 
Chapter 3 Ductile-Brittle Transition 
As impact velocity increases, it becomes increasingly difficult to interpret the 
resulting load-deflection traces from the RMI tests for the brittle samples. It is also 
observed that the height of the first peak increases with increasing impact velocity. 
At impact'velocities of 4 to 6 m/s (for blends MO, MI and NU), the first peak 
increased to a level that is either higher or only slightly lower than the second peak, 
and this will have a large influence on correct determination of, the total failure 
energy. Total failure energy is defined - as the area under the - curve up ý to the 
maximum peak, in a force-deflection trace (see Figure 3.17-B). The other difficulty 
with high impact velocity testing is to locate exactly the point of crack initiation. It 
has been shown that at high impact velocities, the onset of fracture is not 
automatically associated with a specific feature on the force-deflection trace (24). In 
particular, it does not necessarily coincide with a force peak. Therefore, it is 
concluded that the data obtained from IFWI tests for blends MO, MI and M2 at 
impact velocities of 4 to 6 m/s are not reliable. 
Many previous papers (19-23) have also cited the difficulties, in interpreting and 
analysing the resulting load-deflection traces from the LFWI, testing at high impact 
velocities. It has been proposed that the difficulty in obtaining reliable data is 
because of the presence of dynamic effects due to the inertial load on the sample, and 
the oscillations in the whole impact system. Various methods have been suggested 
to overcome the problem and this will be further discussed in Chapter 4. 
3.2.3.3 Effect of Impact Modifier Type on Impact Strength 
Figure 3.18 shows the impact strength values for different blends at 20 T and 3 m/s. 
impact strength is defined as total failure energy divided by cross-sectional area of 
specimen behind the notch. It shows that under those conditions, blends M3 and M4 
undergo ductile failure and are about 8 times higher in impact strength than blends 
MO, MI and M2 which undergo brittle failure. However, this trend changes as the 
temperature, notch radius and impact velocity are varied, around the ductile-brittle 
transition. In samples which fail in a ductile manner, a hinge break phenomenon 
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(Figure 3.19) is observed caused by plastic deformation and crack deceleration. The 
yielding of the fractured samples is accompanied by a dense whitening known as 
stress-whitening. 
3.2.3.4 Effect of Temperature on Impact Strength. 
Figure 3.20 illustrates the impact strength at various temperatures for unmodified 
PVC and impact-modified PVC at 3 m/s. The raw data for this experiment are given 
in Appendix 3.1. In general the impact strength of all samples decreases as the 
temperature decreases and when it reaches the ductile-brittle transition the impact 
strength drops sharply. From Figure 3.20, the brittle-ductile transition is readily 
observed in this experimental range. Blend MO (unmodified PVC) is the first to 
undergo the transition as the temperature decreases in the range between 80 and 60 
T, just below the glass transition temperature of PVC. 
It is interesting to observe that in this study, most of the impact modifiers differ in 
controlling the ductile-brittle transition. Blends M3 and M4 however show some 
similarity with both having the lowest ductile-brittle transition temperature under 
these conditions (ranging between 0 and 20 'Q followed by blend MI (ranging 
between 20 and 40 OC). For the modified samples, blend M2 with transition 
temperature ranging between 40 and WC is the highest. 
At 20 *C, all samples in blend MI failed in brittle mode. At 30T, however the 
samples failed in mixed mode with 2 (of 6) samples exhibited hinge break and failed 
in a ductile mode with high energy absorbed. The samples which failed in ductile 
1node have average values three times higher than the samples which failed in brittle 
rnode. The impact strength values increase further to 39.5 W/m2at 40 OC with all 
samples failing in ductile mode, exemplified by hinge break and stress whitening, as 
shown in Figure 3.19. 
Although all the samples failed in brittle mode at 0 T, generally the impact-modified 
samples still show significantly higher impact strength values than the unmodified 
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samples from blend MO (Figure 3.21). The impact strength of blends M3 and M4 
are around 1.5 U/m 2 higher than blend MO. As the temperature decreases . to 40 0C, 
all-the impact-modified samples still show a higher impact strength values compared 
to the unmodified but the differences have reduced significantly to around 0.4 U/m 2. 
At 40 OC, blend MI has the highest impact strength values although its ductile- 
brittle transition temperatures are higher than blends M3 and M4. 
3.2.3.5 Effect of Strain Rate on Impact Strength 
Although the impact tests were conducted at impact velocities from I to 6 M/s, it has 
been concluded in section 3.2.3.2 that the IFWI data for blends MO, MI and M2 at 
impact velocities of 4 to 6 m/s are no t reliable. 
Table 3.8 shows the number of samples which failed in brittle mode as the impact 
velocity varied. The variation of the impact strength with impact velocity and thus 
strain rate at 20*C is shown in Figure 3.22. The raw data for this experiment are 
given in Appendix 3.2. As the impact velocity increases, generally the impact- 
rnodified samples show a decrease in impact strength. Eventually the samples 
undergo a ductile-brittle transition with a sharp drop in impact strength when the 
strain rates are high enough. It is also observed that each modifier differs in its 
effectiveness to shift the ductile-brittle transition to a higher strain rate. The result 
shows'that the acrylate-modification of PVC results in the shift of the ductile-brittle 
transition to higher test rates, compared with that for unmodified PVC, at a given 
temperature. 
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Table 3.8: Variation of Brittle Fractured Samples with Impact Velocity 
Impact Velocity (m/s) 
Blends 1 2 3 4 5 6 
MO 6(6) 6(6) 6(6) 6(6) 5(5) 5(5) 
Ml 0(5) 7(7) 6(6) 7(7) 7(7) 6(6) 
M2 8(8) 6(6) 6(6) 9(9) 5(5) 6(6) 
M3 Not Done 0(6) 0(6) 0(6) 2(5) 5(5) 
M4 Not Done 0(5) 0(6) 4(5) 6(6) 5(5) 
** The total number of samples tested is given in bracket 
From Figure 3.22, it can bý observed that not all blends readily undergo a ductile- 
brittle transition in the experimental range; only blends M I, M3 and M4 undergo the 
transition. All samples in blends M2 and. MO failed in brittle mode and do not 
undergo any ductile-brittle transition over the range of strain rates studied. The 
impact strength of blend M2 is expected to increase sharply at a lower velocity than 
m/s, when it undergoes ductile, failure. 
As the strain rate increases, blend MI is the first sample to undergo the ductile- 
brittle transition. At I m/s, all the samples from blend MI fail in ductfle mode 
exemplified by the hinge break fracture and the stress whitening effect. As the 
impact velocity increases from I to 2 m/s, the average impact strength values of 
blend MI decreases from 22 U/m 2 to 7 W/m 2. At 2 m/s, all the samples fail in brittle 
mode but still show relatively high impact strength values with some of the samples 
indicating the existence of stress whitening at the fracture surface., 
At impact velocities of 2 and 3 m/s, samples M3 and M4 fail in, ductile mode 
completely. As the impact velocity increases to 4 m/s, samples M3 still fail in ductile 
mode completely whereas samples M4 fail in mix-mode with one out of five samples 
were observed to fail in ductile mode. At 5 m/s, samples ftom blend M4 failed in 
ductile mode completely but two out of five samples from blend M3 failed in brittle 
mode. Samples of blend M3 and M4 fail in brittle mode completely at 6 m/s. it can 
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be inferred that the impact modifier C in blend M3 is the most -effective in shiffing 
the ductile-brittle transition to a higher strain rate. II 
For blends MO and M2, another experiment on variation of impact strength with 
strain rate was done at a higher temperature of . 40 OC since no ductile-brittle 
transition was observed when carried out at 20 OC. Figure 123 presents the results 
of this study which shows that at impact velocities of 2 and 3 m/s, the samples from 
blend M2 failed in brittle mode completely., At I m/s, however it is observed that 3 
samples (from 6 tested) fail in ductile mode. However for blend MO, no significant 
increase in impact strength was observed, even at I m/s. 
3.2.3.6 Effect of Notch-Tip Radius on Impact Strength 
Figure 3.24 illustrates the effect of notch-tip radius on impact strength for sample 
M3 at 0 T. The result shows the impact strength of the samples with the 0.1 mrn 
notch-tip radius is more than twice higher than the samples with dead-sharp radius. 
it indicates that the notch-tip radius can be an important factor influencing crack 
initiation, hence the impact strength and the ductile-brittle transition. Therefore it is 
also expected for blend M2 samples (which did not undergo the ductile-brittle 
transition at 20 *Q to show more ductility at 20 OC as the notch-tip radius increases. 
3.2.3.7 Overall result 
The general trend which can be observed is that impact modifier C (in blend M3) is 
the most effective in shifting the ductfle-brittle transition to a lower temperature and 
a higher strain rate. This is closely followed by impact modifier D (in blend 4). The 
ductile-brittle transition of blend M4 is equally sensitive to blend M3 in temperature 
variation but blend M4 cannot withstand impact velocity as high as blend M3. The 
next most effective impact modifier is impact modifier A (in blend MI) and the least 
effective is impact modifier B (in blend M2). These results are quoted on the basis 
of the addition levels used (see Table 3.2). 
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Within the boundaries investigated, the ductile-brittle transition seems to be more 
sensitive to temperature than to the impact velocity. This can be seen in the case of 
blend M2. In the temperature variation study, the impact modifiers B in blend M2 is 
effective in pushing the ductile-brittle transition temperature from between 80 OC and 
60 'C (as observed for the unmodified samples) to between 50 OC and 40 OC. In the 
strain rate variation, impact velocity of I m/s (which is the lowest in the range 
studied) at 20 T seems to be severe enough to produce a brittle failure for blend M2 
samples. However when the testing temperature was increased to 40 T, ductile- 
brittle transition was readily observed. The Eyring theory of yielding suggest that 10 
T change in temperature is equivalent to a 10 times change in strain rate (25). On 
this basis, the ductile-brittle transition observed for blend M2 when the testing 
temperature was increased from 20 to 40 OC, is not surprising. 
3.2.4 Yield Stress Analysis 
The yield stress values at high impact velocity can be estimated by performing a 
linear regression on the data obtained at lower strain rate and extrapolating to the 
apparent strain rate of the impact test. A linear relationship is expected to be 
obtained if yield stress is plotted against the natural log of strain rate, which is used 
to predict the yield stress at velocities similar to the impact tests. This method has 
been previously reported by Calvert et al. (26) in their study, to estimate the yield 
stress values of impact-modified PVC-U at high strain rate. 
The accuracy in predicting the yield stress values under high strain rate would 
increase with the number of tests conducted at low strain rate. In the present study, 
the tensile tests at low strain rate were conducted at two strain rates and clearly 
therefore, the extrapolation of low strain rate yield stress values may not give the 
correct yield stress values at high strain rate. Calvert el al. (26) made around four 
tests at low strain rate and found that the extrapolation fine to be linear. Based upon 
these results, it is expected that the extrapolated line in the present study might also 
be linear. 
151 
Chapter 3 Ductile-Brittle Transition 
From the flexural stress and flexural modulus equations in three point bending (27), 
the apparent strain rate of the impact test in three point bending can be obtained 
from the following equation- 
i=6 vD/L2 (3.1) 
where, i is the strain rate, v is the impa'ct'velocity, D is the specimen' depth'and L is 
the distance between the'support. 
The relationship between yield stress (ay), 'strain rate (g) and temperature is given 
according to the Eyring given in equation 3.2 (28): 
cy, k 
(In 
i 
-AH) yv A kT 
(3.2) 
where i= strain rate, A= Constant for a given material, k= Boltzman's constant, 
AH = activation energy, v= activation volume and y= stress concentration factor 
and T= absolute temperature. 
Tables 3.9 to 3.12 show the yield stress data at 5 and 25 mm/min crosshead speed 
for 0T and 20 T, and the equations relating the yield stress to the natural log of 
strain rate. By inputting the values in the spreadsheet, yield stress at the appropriate 
strain rate can be estimated. To show how the extrapolation of yield stress has been 
done for high strain rate, a plot of ay versus In. i for blend M2 (at 0T and 20 'Q is 
shown in Figure 3.25-A. 
152 
Chapter 3 Ductile-Brittle Transition 
Table 3.9: Yield Stress for 5 and 25 mm/min Crosshead Speed at 0 T. 
Crosshead 
Speed 
(inni/niin) 
Strain 
rate 
(sec-1)' 
Ln Strain 
rate 
Yield Stress (NTa) 
mo mi M2 M3 M4 
5 0.004 -5.48 60.03 50.18 50.97 46.49 44.90 
25 0.021 -3.87 65.17 54.98 54.98 50.41 49.03 
Table 3.10: Equations Relating Yield Stress (cry) and Ln. Strain Rate (F. ) at 0 
OC. 
Blend Equation 
mo ay = 77.525 + 3.193 (In. i) 
mi ay = 64.714 + 2.652 (In. i) 
M2 ay = 64.619 + 2.491 (In. i) 
M3 cry = 59.833 + 2.434 (Inl) 
M4 ay = 58.957 + 2.565 (In. i) 
Table3.11: Yield Stress for 5 and 25 mm/min Crosshead Speed at 20T. 
Crosshead 
Speed 
(mm/min) 
Ln Strain 
Rate 
Yield Stress (MPa) 
mo ml M2 M3 M4 
5 -5.48 52.10 45.27 46.94 41.96 40.65 
25 -3.87 56.05 48.75 50.92 t 45.69,1 44.60 
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Table 3.12: Equations Relating Yield Stress (cry) and Ln. Strain Rate (i) at 20 
11C. 
Blend Equations 
mo gy = 65.555 + 2.453 (In. E) 
ml gy = 57.115 + 2.161 (In. i) 
M2 ay = 60.487 + 2.472 (In. i) 
M3 cry = 54.656 + 2.317 (In. i) 
M4 ay = 53.662 + 2.342 (In. i) 
The predicted yield stress values at impact velocities from I to 6 m/s for 20 T and 0 
'C are given in Figures 3.25-B and 3.25-C respectively, which show that the yield 
stress for the unmodified blend (MO) is higher than the impact-modified blends at all 
impact velocities, and at each temperature. The influence of temperature on yield 
stress can also be clearly seen by comparing both figures. As the temperature 
decreases from 20 *C to 0 T, the yield stress of all blends is predicted to increase. 
As can be clearly seen from these results, the type of impact modifier has a distinct 
effect on the yield stress of the toughened materials. At 20 T, the yield stress for 
blend M2 is the highest followed by blend MI, blend M3 and blend M4. However, 
at 0 T, there is a slight change within the trend with blend MI highest, followed by 
blend M2. 
The relationship between acrylate rubber particle size and yield stress' (impact 
velocity 3 m/s at temperatures 0 and 20 *Q is given in Table 3.13. From the results 
at 20 T, it can be deduced that when blended impact modifiers are compared, 
smaller acrylate rubber particles are more efficient in decreasing the yield stress of 
the acrylate rubber-toughened PVC. It is also shown that the grafted impact 
modifier in blend M4 is more effective than the blended impact Modifiers in 
decreasing the yield stress of the acrylate rubber-toughened PVC. 
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Table 3.13: Influence of Rubber Particle Size on Yield Stress 
Blends Impact 
Modifier 
Rubber Particle 
Diameter (gm. ) 
Yield Stress at 
20 T (MPa) 
Yield Stress at 
0T (MPa) 
Mi A 0.269 66.21 75.88 
M2 B 0.320 70.89 75.11 
M3 C 0.235 64.41 70.08 
M4 D 0.246 63.52 69.76 
3.2.5 Transmission Electron Microscopy - Tested Samples 
In the transmission electron microscopy of tested samples, two types of staining 
agents were used; OsO4 and RuO4. The OsO4 staining method which was 
developed by Kato (29) is regarded by Bucknall (2) as the most successful method 
for studying morphology in rubber-toughened plastics. The procedure is applicable 
to polymers containing unsaturated rubbers and is therefore suitable for most HUPS 
and ABS polymers, toughened PVC, polypropylene-EPDM blends and a number of 
other rubber-toughened polymers. 
Figures 3.26(A-B) show TEM micrographs of the impact fractured acrylate rubber- 
toughened PVC specimen which was stained (after ultramicrotoming) by OsO4. The 
specimens were n&rotomed parallel to the ftcture: surface (see Figure 3.10). 
Figure 3.26-A shows the micrograph of blend MI sample (20 OC, 3 m/s) which failed 
in brittle mode at impact strength of 5 kj/M2 . The rubber particles do not show 
rnuch deformation but some particles are debonded from the matrix. It cannot be 
confirmed whether debonding between the matrix and rubber occurred during 
sectioning or impact testing. The stress whitening part of the hinge break fractured 
blend M4 sample (3m/s and 20 OC) shows significant deformation and elongation of 
the rubber particles (Figure 3.26-B). However, no crazes are observed in these 
acrylate rubber-toughened PVC systems. 
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Based on suggestion from previous workers, we have also tried to stain the specimen 
prior to the microtoming, to harden the rubber (2). However, as seen from Figure 
3.27, this technique was not successful due to lack of penetration of the staining 
agent into the specimens. 
Figures 3.28 (A-B) show TEM micrographs of the impact fractured specimen which 
were. stained by Ru04. The samples were microtomed perpendicular but near to the 
fracture surface (see Figure 3.10). Figure 3.28-A shows the sample from blend M3 
(tested at 0 OC and 3m/s) which has undergone a brittle faure with impact strength 
2 
of about 5 W/m . 
In general, the rubber particles do not show much permanent 
deformation but a few rubber particles are observed to be internally cavitated. 
Figure 3.28 B shows the sample from blend M1 (tested at 40 OC and 3 m/s) which has 
undergone a ductile failurewith impact strength of about 40 U/mý. No indication of 
crazing was observed in the stress whitening part of the hinge break fractured sample 
but more rubber particles are internally cavitated. No significant elongation 'of 
rubber particles is seen. 
From the TEM results the toughening mechanism of the acrylate rubber-toughened 
modified PVC system proposed is shear yielding in the matrix with internal 
cavitation of the rubber particles. 
3.2.6 Scanning Electron Microscopy 
The fracture behaviour of the acrylate-modified PVC samples from the instrumented 
falling weight impact testing can be classified into 3 types, from the standpoint Of 
ffacture mode (brittle/ductile) and whitening degree: 
" Type 1: Ductile fracture with formation of an elliptical shaped stress-whitening 
zone near the edge and on the fracture surface. 
" Type 2: Brittle fracture with whitening on the fracture surface. 
" Type 3: Brittle fracture without whitening. 
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This classification will be use as the basis for the analysing the results from SEM. 
SEM was used to look at the fracture surfaces at a higher magnification to see and 
understand the processes occurring during the fracture, in order to determine the 
fracture and toughening mechanism. The scanning electron micrographs of the 
fracture surface are of different zones during the fracture of the acrylate rubber- 
modified PVC samples. 
Firstly, let us took at the sample which exhibited hinge break phenomenon caused by 
plastic deformation and crack deceleration during the impact test. In our earlier 
classification, it is categorised as type I in which the samples fracture in ductile 
rnode with the formation of an elliptical shape whitening zone near the edge and on 
the fracture surface. 
Figures 3.29 show the SEM micrographs of the typical type I fracture surface taken 
from sample blend MI tested at 3 m/s and 40 OC . 
The initial two micrographs are taken close to the tip of the notch where crack 
growth started. At low magnification (x 200) 'fuzzy' appearance of the surface is 
observed as shown in Figure 3.29-A. Looking at a higher magnification (x 2000) as 
shown in Figure 3.29-13, localized yielding has resulted in the formation of voids. 
However, at this stage there is no indication of fibrillar microstructure. 
Figures 3.29 (C and D) show the fracture surface at the midway between the notch 
and the hinge. At this stage, small scale local yielding process starts to become more 
evident but overall the evidence suggests a brittle failure. Even at low magnification 
(x 200), some small scale fibrillation is observed. The higher magnification (x 2000) 
confirms that fibrillation has started to take place but has not yet fully developed. 
Figures 3.29 (E and F) show micrographs of a typical zone close to the hinge where 
the crack growth terminated. In the post yielding process, large amounts of local 
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strain energy are absorbed as the fibrillar (yielded) microstructure was developed and 
drawn to high levels of strain in the PVC matrix. The micrographs clearly show the 
ductile yielding and fibrillation associated with crack blunting and termination in a 
hinge-break sample at different levels of magnification. Numerous fibrils are 
observed (of varying length but of roughly the same diameter), suggesting high 
impact energy has been absorbed. 
The next thing is to study the fracture surface at the end of failure spectrum (type 3) 
to compare with those shown previously. Similar to the previous series of 
micrographs the sequence is intended to follow the growth of the crack. - The 
micrographs shown in Figures 3.30 (A to E) are typical of the samples which failed 
in brittle mode at a relatively low impact energy. As can clearly be seen an entirely 
different fracture mechanism has taken place. 
Figure 3.30-A shows the fracture surface (magnification x 200) near the notch taken 
ftorn sample M4 (3 ni/s, 40 T) with failure energy of about 3 U/Mý. - At low 
magnification the fijzzy fracture surface is no longer evident. Replacing this is a 
jagged and cratered appearance which can be clearly be observed at higher 
magnifications (magnifications x 2000) as shown in Figure 3.30-B. This jagged and 
cratered appearance on the surface with no evidence of fibrils or yielding is a 
characteristic of a rapid crack propagation. A sinfdar appearance is observed on the 
surfaces in the middle and at the end of the crack propagation path (Figures 3.30 -C 
to E). 
Having characterised the extremes of the fracture and failure spectrum (type I and 
type 3 fracture), the next step was to examine the samples classified as type 2 
fracture. 
Two samples from type 2 fracture with different impact strength are observed. The 
first sample is from blend M3 (0.1 nun notch, 3 rn/s and 0 *Q with impact strength 
of about 10 kJ/rn 2- Although the samples failed in brittle manner, the impact strength 
values are higher than type 3 fracture samples and are nearer to the ductile-brittle 
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transition zone. 'Generally, the appearance of the surface is similar to fracture 
surface of type 3 with no-evidence of fibrils (or yielding) seen at any stage of the 
fracture as shown in Figures 3.31 (A-F). 'Near the notch, a jagged and cratered 
appearance is observed, similar to the type 3 fracture which is a characteristic of a 
rapid crack propagation. Similar appearance is observed on the surfaces near the 
notch and in the middle of crack growth path. 
The second sample from type of 2 fracture observed under scanning electron 
microscope is from blend M4 (4 m/s and 20 OC) with impact strength 14 kJ/m2 as 
shown in Figure 3.32. It shows more stress whitening on the surface than the sample 
from blend M3 (0.1 mm notch, 3 m/s and 0 OC) shown in Figure 3.3 1. 
The initial two micrographs are taken close to the tip of the notch where crack 
growth started. At low magnification (x 200), evident of 'fuzzy' appearance of the 
surface is observed (Figure 3.32-A), suggesting a small degree of micro-scale 
yielding on an otherwise brittle fracture surface. Looking at a higher magnification 
(x 2000) as shown in Figure 3.32-B, deformation of the PVC ýmatrix containing 
voids is observed. Figures 3.32 (C and D) show the fracture surface at the midway 
between the notch and the hinge. At higher magnifications jagged and cratered 
appearance can be observed. There is no indication of fibrillar microstructure. 
3.2.7 Thermal Analysis 
The breakdown of the PVC particulate structure during processing to form a 
continuous elastic network is called the fusion or gelation of PVC. The use of DSC 
as a technique for determining fusion level of PVC was pioneered by Gilbert (30,3 1), 
amongst others, and has been used by many workers since. 
A typical thermal analysis trace (using a DSC cell) obtained is shown in Figure 3.33, 
obtained from blend M3. The blend was processed at 185*C and from the thermal 
analysis, two endotherm peaks are. observed, which correspond to peaks cuand 0 in 
Figure 3.33. The heat of fusion (cc endotherm) and P endotherm -onset temperature 
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of the blend were measured. To understand the term a and 0 endotherm-onset 
temperature, it is relevant to mention here that the amount of crystallinity in 
industrial PVC has been found to be between 5 and 10 % (32). Due to the variation 
of the crystallinity and size of these crystallites, PVC exhibits a broad melting range 
approximately from 120 to 2600C (33). During processing, lower melting crystallites 
of the resin powder recrystaflise on cooling to give a defective ordered state, 
described as secondary crystallinity. The higher melting crystallites (i. e. primary 
crystallites) are annealed (that is their state of order is improved) during processing, 
so that their melting temperature increases to produce a smaller endotherm. In 
subsequent calorimetry of the processed sample, fusion of the secondary crystallinity 
produces an endotherm, a, in the lower temperature region, while fusion of primary 
crystals produces the higher temperature endotherm, P. The a endotherm measures 
fusion level of the sample while the onset temperature of the 0 endotherm measures 
the temperature at which the unmelted primary crystals were annealed, which relates 
to the maximum temperature of the melt during processing. 
Table 3.14 shows that the heat of fusion values (cc endotherm) for the PVC blends 
(which relates to the gelation level) are similar except for blend M4 (which contains 
grafted modifier) which is slightly higher. The unmodified samples are observed to 
have heat of fusion slightly below the modified blends. The maximum processing 
temperature was between 2 to 4 degrees higher than the set temperature. 
Table 3.14: Variation of Beta-onset Temperature and Heat of Fusion with 
impact Modirier Types 
Blends heta-onset Temperature 
(OC) 
Heat of Fusion (J/g) 
MO 187 1.71 ± 0.22 
MI 187 1.92 ± 0.21 
M2 188 1.86 ± 0.18 
M3 187 1.83 ± 0.23 
M4 [77: H, 1 
189 2.3 6 J: 0.12 
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3.3 Discussion 
This section is divided into three parts: the first part deals with the relationship 
between ductile-brittle transitions and the rubber particle size, whilst the second part 
discusses the characterisations of tested samples and toughening mechanisms of 
acrylate rubber-tou'ghened PVC. The third part discusses the morphology of the 
PVC. 
3.3.1 Relationship Between Ductile-Brittle Transitions, and Rubber Particle 
Size 
Temperature, strain rate and crack-tip radius are the important parameters 
influencing the impact strength of polymers and the-ductile-brittle transition (1). 
With the addition of a rubber-based polymer, the impact strength of plastics can be 
dramatically improved and shifts the ductile-brittle transition shifted to more severe 
conditions, i. e. lower temperature and/or higher strain rate. The structure-property 
relationship between rubber particle size and impact strength has been an important 
area of study in rubber-toughened polymers (2-7). 
The results from the IFWI tests on acrylate-modified PVC-U, as shown in Figures 
3.20,3.22 and 3.24 reveal that the chances of brittle failure can be reduced by: 
increasing the temperature - 
reducing the strain rate 
0 increasing the notch-tip radius 
The nature of the ductile-brittle transition and factors which change its position have 
been discussed in some detail by Vincent (1). He assumes that the transition from 
ductile to brittle failure occurs when the yield strength becomes equal to the "brittle 
strength". If the brittle strength exceeds the yield strength then ductile failure 
results, and vice versa. 
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The result on the influence of test temperature on impact strength is in agreement 
with findings of other researchers (3 4,3 5) where it has been found that by decreasing 
the temperature one moves closer to, (and, if the temperature is low enough, win fall 
below) the ductile-brittle transition, and into the brittle region. Vincent (1) 
suggested that as the temperature decreases, the yield strength increases but has little 
effect on the brittle strength. The increase in yield strength will promote brittle 
failure since yielding is suppressed. This is because a decrease in temperature leads 
to a reduction in the overall spectrum of relaxation times. This means that at a given 
rate of deformation there will be a gradual reduction in the modes by which energy 
can be absorbed. This will also result in an increase in the modulus, which is 
associated with a smaller value of Poisson ratio. That is to say the contractions 
perpendicular to the direction of the applied stress will be less, or in other words the 
triaxial component will be increased. All these factors contribute towards an 
increased tendency towards brittleness. 
The increase in yield stress with the decrease in temperature is confirmed from our 
yield stress analysis. It has been shown in both umnodified and acrylate-modified 
pVC samples that the yield stress increases as the temperature decreases. 
The result on the influence of strain rate on impact strength (see Figure 3.22) shows 
that by increasing the strain rate one moves closer to, 'and if the strain rate is high 
enough, will fall below the ductile-brittle transition. This result is in agreement with 
the theory and findings of other researchers (14,36). As the impact velocity (thus 
the strain rate) is increased, the overall abil-ity of the polymer to absorb energy will 
be decreased. An increase in impact velocity is broadly analogous to a decrease in 
temperature. An increase in strain rate will lead to an increase in yield strength and 
modulus, but will have little effect on the brittle strength. This will result in brittle 
failures since yielding is suppressed. From a molecular point of view, brittle failure 
wil-I occur when the strain rates are high enough to'promote a rate of deformation 
which is shorter than relaxation time. 
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The result from the present study is in agreement with the result obtained by Gaggar 
el al, (36) who investigated the effect of varying strain rate at for different rubber 
modifier level content in rubber-modifier PVC. His result shows that-the rubber- 
modified PVC with the higher rubber modifier content shifted the ductile-brittle 
transition to a more severe strain rate than the lower rubber modifier level content. 
Calvert (14) conducted a study on acrylate-modified PVC using HVI test to 
determine the number of samples which failed in hinge break mode as the impact 
velocity varied, between I and 6 m/s. The study were 'done at two different 
temperatures (20 and 0 'Q and two notch tip radii ('dead sharp' and 0.1 mm radius). 
The results showed that the number of hinge break samples increases with 
decreasing impact velocity. He also found out that within the boundaries 
investigated, ', the ductfle-brittle transition temperature seems to be more sensitive to' 
temperature than to the notch tip radius. 
The stress concentration occurring at the crack tip increases progressively as the 
notch-tip radius is decreased, resulting in lowering the crack initiation energy 
required to fracture. The present study on blend M3 sample (0 T, 3 M/s) has shown 
that by increasing notch-tip radius from 'dead sharp' to 0.1 mm, the impact strength 
increases by more than twice. 
Notches can cause stress concentration effects due to the re-distribution of the lines 
of force transmission through the body when they encounter the discontinuity. The 
stress redistribution concentrates extra loads on the bonds adjacent to the defect. - 
The triaxial components of the applied stress are increased at the notch-tip which 
also results in brittleness. Hence an increase in stress concentration generally leads 
to a corresponding drop in the impact energy to failure due to a decrease in brittle 
strength. In another study on the relationship between ductile-brittle transitions and 
notch-tip radius of impact modified-PVC, Havriliak et al. (17) showed that the 
acrylate rubber-modified PVC passes through a ductile-brittle transition as the notch- 
tip radius decreases from 6.35mm to 0.025 mm (in 8 steps) at 12.5 'C. 
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The results from IFWI tests have clearly shown that the acrylate modifiers have 
successfully shifted the ductile-brittle transition points to more severe conditions i. e. 
to higher strain rates and lower temperature. The addition of acrylate rubber has 
increased the tendency towards ductile failure because of a reduction of yield 
strength, as shown by the yield stress analysis at 20 T (see Figure 3.25B). The 
result clearly showed that the yield stress of the acrylate-modified samples are less 
than the unmodified samples is in agreement with the findings by Calvert (14). 
Figure 3.34 shows the relationship between the yield strength and impact strength of 
all PVC blends at 20 T and 3 m/s, which confirms that the decrease of impact 
strength through the ductile brittle transition is due to the reduction of Yield strength. 
The yield stress is reduced in the impact-modified samples because the rubber 
particles can act as stress concentrators (37-39). These locaaed concentrations of 
stress, when the particles are dispersed throughout the polymer' matrix, pro , vide 
multiple sites at which shear yielding can be initiated simultaneously upon impact. 
When the particles are sufficiently close together, the stress field "around the 
neighbouring particles will interact considerably resulting in enhanced matrix yielding 
(see Figure 3.35). 
From results obtained from the IFWI test and data obtained from rubber particle size 
analysis, the relationship between the rubber particle size and the ability to shift the 
ductile-brittle conditions can be derived, as shown in Table 3.15. The HVI tests (as 
shown in Figures 3.20 and 3.22) revealed that impact modifier C (in blend M3) is the 
most effective in shifting the ductile-brittle -transition to a 
lower temperature and a 
higher strain rate. This is closely followed by impact modifier D (in blend 4). The 
ductile-brittle transition range of M4 due to temperature variation is similar to M3 
but M4 cannot withstand an impact velocity as high as M3. The next most effective 
impact modifier is impact modifier A (in blend MI) and the least effective is impact 
modifier B (in blend M2). These results are consistent with the information obtained 
the from the supplier of blended impact modifier, i. e. Rohm and Haas which states 
that impact modifier C is the most effective, followed by impact modifier A and B 
(40). 
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The relationship between the rubber particle size and the ductfle-brittle transitions is 
shown in Table 3. IS. 
Table 3.15: Relationship Between Ductile-Brittle Conditions with Impact 
Modifiers Structure. 
MO Mi M2 M3 M4 
Rubber Particle Diameter 0.269 0.320 0.235 0.246 
(AM) 
Ductile-Brittle Transition 60-80 20-40 40-60 0-20 0-20 
[Temperature (C)] 
Ductile-Brittle Transition(A) No 1-2 rn/s No 5-6 rn/s, 4-6nVs 
[Impact Velocity (m/s)] Transition Transition 
Ductile-Brittle TransitionO') No Not Done 1-2 m/s Not Done Not Done 
[Impact Velocity (nils)] Transition 
I I 
-. 
(A) Test temperature 20 *C 
(B) Test temperature 40 OC 
Interestingly, the results from the ductile-brittle transition study show that both the 
transition temperature and strain rate are dependent on the structure of the impact 
modifier. The result clearly shows that impact modifier C (from blend M3, which 
has the smallest rubber particle size) is proven to be the most effective impact 
modifier in shifting the ductile-brittle transition conditions to a lower temperature 
and a higher strain rate. It has also been found that the trend, 'within the three 
pvr, /ý ,,. crylate blends is that as the diameter of rubber particles decrease from 0.320 
to 0.235pm, the ductile-brittle transition shifted to a lower temperature and to a 
higher stram rate. Therefore it can be concluded that rubber particle size is an 
important factor that determines the efficiency of acrylate-impact modifiers in 
toughened PVC-U. The result seems to support the earlier research on the optimum 
particle size for toughening efficiency in other rubber-toughened PVC systems. 
From the Izod impact data of MBS-toughened PVC, Dompas et al. (13) deduced 
that the optimum particle size for rubber particles is around 0.175 to 0.250 gm. 
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The relationship between rubber particle size and impact strength for other rubber- 
toughened polymers has also been studied. It has been shown recently that 
increasing the average diameter of polubutadiene rubber particles from about 0.2 to 
2.0 pm results in a marked increase in the impact strength of rubber-toughened 
polystyrene (3), but a-marked decrease in the impact strength of rubber-toughened 
nylon (5). In another study on rubber-toughened nylon, Oostenbrink el al. (6) 
observed that the brittle to ductile transition temperature decreased upon decreasing 
the particle size down to 0.2 prn in diameter. The basic reason for this difference 
will be discussed in section 3.3.2 
From the present study, it was also observed that the acrylate rubber-toughened 
PVC samples show higher impact strength values than the unmodified samples at 
both 0T and 40 T. At 40 T, both the impact-modified and the unmodified 
samples are approaching similar values. As the temperature approaches the glass 
transition temperature of butyl acrylate rubber at -56 T, it is expected that all the 
samples would show similar values. . 1.1 1 
3.3.2 Characterisations of Tested Samples and Toughening Mechanisms 
it is generally agreed that the toughening mechanism in rubber modified polymers 
depends on the matrix and the purpose of rubbers was to enhance the mechanism of 
toughening without any qualitative changes (2,8). The eventual aim of rubber- 
toughening study is to develop a quantitative understanding of structure-property 
relationships to optinlise the properties. It has been established that the necessary 
features of the rubber phase in rubber-toughened plastics to achieve the above 
objectives are (8): 
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(a) low shear modulus in relation to the matrix polymer, 
(b) good adhesion to the matrix; 
(c) average particle diameter near optimum value for the material; 
(d) a certain amount of dimensional stability against shear load; 
(d) low glass transition temperature and 
(e) the rubber must be dispersed randon-dy as small discrete particles in the 
continuous matrix phase. 
In view of the features of the rubber phases in rubber-toughened plastics mentioned 
above, it can be said that impact modifier D (which is the co-polymer) will always be 
well dispersed since the rubber is chemically grafted to the PVC chains. On the 
other hand, the degree of PVC gelation influences the dispersion of the added 
(blended) modifiers (impact modifiers A, B, and Q. At very low gelation (due to 
low temperature and inadequate shearing), some of the PVC grains (50-250 gm) are 
still not broken up into primary particles (0.6-0.81im) which consequently does not 
permit satisfactory distribution of the modifier. On the other extreme, at high 
gelation all the primary particles have melted resulting in a randwdy distributed 
modifier. The optimum performance of the blend is expected at intermediate 
gelation states (i. e. when some of the primary particles have not melted) whereby the 
r-ubber particles are situated around the PVC primary particle (and thus poorly 
distributed), as shown in Figure 3.36. The potentially high concentrations of the 
modifier in this space will cause an interaction of the stress fields around the rubber 
particles, resulting in enhance matrix yielding. 
From the present study, it has been proven that TEM is a powerful characterisation 
technique for acrylate-rubber toughened PVC. The results show that both OsO4 and 
RU04 were successfully utilised to enhanced the contrast between the acrylate rubber 
and PVC matrix, although generally the contrast in the OsO4 stained specimen is not 
as good as the ones stained by RuO4. According to our knowledge, there is no 
report in the literature on the use of staining agents in TEM study of acrylate rubber- 
toughened PVC. However, OS04 has been used as a staining, agent in, NIBS- 
modified PVC (12). Ru04 is a far more vigorous oxidant thanOS04which is 
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effective in staining both saturated and unsaturated polymeric systems. Therefore 
many organic compounds that are inert to oxidation by OS04 react readily with Ru04 
(4 1). The results obtained by Khandpur et al. (42) indicated that Ru04 preferentially 
stains the rubbery amorphous component of rubbery-glassy and rubbery- 
semicrystalEne diblock copolymers. This selectivity appears to derive from 
combination of chemical reactivity, and from - differences in the diffusion of -the 
staining agent within the associated microdomains. 
From the TEM results in the present study, it is proposed that the toughening 
mechanism of the acrylate rubber-toughened PVC systems is shear yielding with 
internal cavities in the rubber particles (see section 3.2.5). These results support the 
previous findings from previous researchers which concluded that that unlike HIPS 
(which is very brittle in the untoughened state), crazing is not the main toughening 
mechanism in rubber toughened-PVC (which is relatively more ductile in the 
untoughened state) (10-13). 
Breuer et al. (11) studied the cause of stress-whitening in impact tested specimens of 
ABS and MBS graft copolymer/PVC blends. From the TEM studies, they deduced 
that cavities in the rubber particles, and not crazes in the PVC matrix are mainly 
responsible for the stress whitening. Dompas et al. (12,13) studied the effect of 
rubber particle size and dispersion on deformation mechanisms and mechanical 
properties of PVC/MBS blends. They proposed that both internal cavitation of the 
rubber particles and debonding at the PVC/ NIEBS interface relieve the triaxial tension 
thereby promoting shear yielding of the PVC matrix. They studied the effect of two 
types of INIBS rubber of particle sizes ranging from 0.107 to 0.270 Pin, and 
concluded that within the size range debonding and cavitation are both enhanced by 
larger particles (13). They claimed that whether debonding or internal cavitation 
occurs depends on the degree of adhesion between the MBS shell and PVC matrix: 
The same concept is also applicable to the acrylate rubber-toughened PVC system in 
the present study. The occurrence of internal cavitation in the acrylate rubber- 
toughened PVC system is Rely, due to the good adhesion and compatibility between 
the PNPJA shell and the PVC matrix. 
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Shear yielding in the matrix, as the mechanism responsible for rubber toughening, 
was first proposed by Newman and Strella (43). They proposed that the function of 
the rubber particles was to produce enough triaxial tension in the matrix so as to 
increase the local free volume and consequently to initiate extensive shear yielding 
and drawing of the matrix. However, this proposal does not account for stress 
whitening, characteristic of rubber toughening, and, the fact that triaxial tension 
promotes brittle fracture rather than shear yielding. 
Further studies have elucidated a better understanding of the detailed 
rnicromechanisms of systems which deform preferentially by shear yielding (5,12,13). 
The major toughening mechanisms are thought to be cavitation of rubber particles 
and shear yielding of the matrix. The cavitation of the rubber particles explains the 
observed stress whitening since fight scattering occurs. Cavitation of rubber is 
followed by the onset of shear yielding of PVC because on cavitation of the rubber 
particles the - buildup of hydrostatic tension is locally relieved, lowering the yield 
stress. After cavitation the constrained conditions, triaxial stresses, disappear and 
the matrix behaves as if it were under plane stress conditions. Shear yielding 
deformations occur more readily, under a biaxial stress state rather than the craze- 
favouring triaxial state. 
It is generally recognized that the size of rubber particles has a strong influence upon 
toughness of rubber-modified polymers and for each type of material there appears 
to be an optimum particle size for toughening (8). The role of the rubber particles 
and why an optimum particle size exists has to be related primarily to whether the 
rnatrix in the rubber-modified system deforms mainly by crazing or by shear yielding. 
In either form of toughening mechanism, the essential role of rubber particles is to 
act as stress concentrators, since they have much lower shear moduli than the 
surrounding matrix material (37-39). The estimates for the optimum rubber particle 
diameters are 1-2prn for HIPS, 0.4pm for ABS and 0.2ptrn for rubber-toughened 
PVC (8). These results indicate that the critical particle size for toughening 
decreases with increasing ductility of the matrix polymer. The results from the 
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present study on the acrylate rubber-toughened PVC systems have shown that the 
toughening effect (efficiency to shift the ductile to brittle 'transition to, lower 
temperature and higher strain rate) increases with decreasing rubber particle size for 
the same addition level of impact modifier. 
In a brittle matrix polymer such as HIPS, where the toughness is enhanced by the 
multiple crazing mechanism, it was observed that small particle size reduces the 
toughening effect (2,8). There are three possible explanations for the particle size 
effect: 
(a) small particles are unable to initiate craze growth effectively 
(b) small particles are unable to control and terminate craze growth effectively, 
(c) both the initiation and termination of craze growth are ineffective in materials 
containing small particles 
In an experiment on HIPS containing small rubber particles, Bucknall el al. (44) 
showed that rates of crazing were high, and continued to increase throughout the 
test. Despite the high rate of crazing and low yield stress, impact strengths and 
elongation at break were low. The results offer strong support for the view that 
poor termination is the critical factor. Therefore, in the crazing mechanism, rubber 
particle less than I pm are unable to terminate crazes effectively, thus are ineffective 
in toughening the matrix. A large particle is however, less important when crazing is 
accompanied by shear band formation. The shear bands provide an alternative 
rnechanism of craze termination, thus reducing the requirement for large particles to 
control craze growth (8). 
As previously mentioned, the optimum size of the rubber particles can, be an 
indication of the toughening mechanism in rubber-toughened polymers. The fact that 
small rubber particles are not effective in the toughening of HIPS, but such an 
observation is not observed in the present study on acrylate rubber-toughened PVC 
confirms that the toughening mechanisms in the two rubber-toughened polymers are 
different. From the IFWI test results in the present study, it has been found that the 
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toughening effect of acrylate rubber particles are more effective as the diameter of 
rubber particles decreases from 0.320 to 0.235pm. This is a further evidence that 
the toughening mechanism in acrylate rubber-toughened PVC is shear yielding and 
not crazing. It correlates well with the findings from the TEM study on the impact 
tested specimens of the acrylate-modified PVC in which crazing was not observed. 
The finding that the smaller rubber particles are more, effective in toughening the 
acrylate rubber-toughened PVC systems (i. e. shifting the ductile-brittle transitions to 
lower temperature and higher strain rate) in the present study is explained on the role 
of rubber in initiating shear yielding in the matrix. The effectiveness of rubber 
particles to toughen pseudoductile but notch-sensitive polymers like nylon and PVC 
originates from the ability to generate stress concentrations around the particles in an 
applied stress field (37-39). Because of the difference in-modulus between the 
dispersed phase and the matrix, the stress will be concentrated around the rubber 
particles which will lead to local nucleations of plastic deformation like shear 
yielding. When the rubber particles are greatly separated, the stress field around a 
particle is only slightly affected by the presence of other particles. The stress field in 
the matrix is simply a superposition of those around isolated particles, and the 
polymer blend will remain brittle. However, when the particles are sufficiently close 
together,, the stress field is no longer simply additive, and the field around 
neighbouring particles will interact considerably (Figure 3.38). As yielding occurs at 
the rubber-PVC interface a lower particle size gives more surface area per unit 
volume which results in enhanced matrix yielding, and a transition from brittle to 
ductile behaviour. 
The other possible reason in which the impact modifiers differ in increasing the 
impact strength of the PVC blends in the present study is the difference in the shell 
size. The result of the Coulter Counter analysis shown in Table 3.6. revealed that 
impact modifier B has the smallest PXDvIA shell size. The purpose of the PNSIA 
shell is to increase compatibility and adhesion between the impact modifier and the 
pVC matrix which is expected to increase with increasing shell size. The relatively 
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low efficiency of impact modifier B may also be due to the lower element of 
compatibility, as compared to the impact modifier A and C. 
The findings from the SEM study shows that the fibrous (yielding) phenomenon 
observed is an indication of the transition of the brittle stage to ductile stage and 
correlates well with the large increases of impact strength. In other words, 
specimens of high impact strength have more fibrous patterns in the fractureý 
surfaces. This attempt (as 'shown in Figures 3.34 and 3.35) to differentiate samples 
vAth brittle fracture but of different impact strength seems to be successful. 
The result is in agreement with the findings from previous work-which also used 
SEM to analyse fracture suiýaces of rubber-toughened PVC (14,45-47). Fann et al. 
(38) reported work improving the impact strength of telecommunication equipment 
using injection mouldable NIBS-modified PVC. The study shows that as the NIBS 
content increases to 15 and 20 phr, the fracture surfaces become more obviously 
fibrous. They also concluded that the fibrous phenomenon observed during SEM 
study to be an indication of the transition of the brittle stage to ductile stage. 
Calvert (14) also used SEM to analyse the fracture surface morphologies 
characteristic of two different modes of deformation in acrylate rubber-modified 
pVC; brittle crack growth and ductile yielding. The scanning electron micrographs 
of brittle crack growth fracture surfaces show characteristics of a rapid crack 
propagation. In fracture surfaces of samples which, exhibit ductile yielding, 
fibrillation associated with crack blunting and termination in a hinge break sample 
was observed. 
SEM was also used by Seigmann and Hiltner (46) to investigate the mode of fracture 
in CPE-modified PVC during Izod impact tests. Examination of fracture surfaces 
indicates that a transition occurs from brittle to ductile impact fracture as the CPE 
content increases. Fracture surfaces of four specimens of varying CPE content were 
examined and are given as follows: 
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1. The impact fracture of unmodified PVC is typical of a brittle fracture mode. 
Close to the fracture initiation site is a smooth so-called mirror region which has 
been identified with slow crack growth. This is surrounded by a radiating scaley 
structure, the so-called patch pattern, characteristic of fast growth. 
The fracture initiation site is still recognizable with 2 wt percent CPE as the 
origin of the radiating patch pattern but the patch pattern'is much smaller than 
observed with unmodified PVC. This surface structure suggests brittle fracture 
with slower crack propagation than PVC. 
3. The initiation site cannot be identified on the fracture surfaces of blends with 7 
wt percent CPE. The fracture surface shows only an irregular patch pattern. 
4. With 13 wt percent CPE the fracture surface is highly deformed in a manner 
characteristic of ductile fracture. Numerous fibrils are observed of varying 
length and diameter. The transition from brittle to ductile fracture mode clearly 
coincides with the increase in impact strength. 
The existence of fracture initiation site (mirror region) surrounded by a radiating by 
scaley structure associated with the brittle fracture mode as reported by Seigmann 
and Hiltner (39) was not observed in acrylate rubber-toughened specimens which 
were analysed in this study. The brittle fracture mode (see Figure 3.30) showed 
irregular patch pattern as described by fracture surfaces of blends with 7 wt percent 
CPE from the study by Seigmann and ffiltner (46). The formation of fibrils which 
they described in specimens containing 13 wt percent CPE (which failed in ductile 
mode) is in agreement with what was found in the present study (see Figure 3.32). 
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An important characteristic associated with ductile faure is the stress whitening. As 
mentioned earlier, ductile fracture with the formation of an elliptical shaped 
whitening zone near the edge and on the fracture surface was, observed. Various 
theories have been put forward to explain this phenomenon. From the SEM 
examination of the fractures of type I at high magnification, one of the possibilities 
for the whitening in samples of ductile failure might be due to the fibrillation in which 
voids are created in the PVC matrix. Whitening occurs due to light passing through 
phases of different refractive index. 
This classification of fracture surfaces, from the standpoint of fracture mode 
(brittle/ductile) and whitening degree can be compared to findings by Takaki et al. 
(47) who conducted a study on the fracture behaviour of PVC/MBS blends. Tensile 
and impact tests were done on specimens with double-V notches at various strain 
rate and temperatures., They concluded that the fracture behaviour of PVC/MEBS 
blends can be classified into the following types from the standpoint of fracture mode 
(brittle/ductile) and whitening degree: 
Type 1, Ductile fracture with formation of elliptical shape whitening zone near 
the edge and on the fracture surface. In this type of fracture shear yield occurs 
predominantly. 
Ap Type 2: Ductile fracture without whitening. Both shear yielding' and crazing 
occur. 
Type 3: Brittle fracture without whitening. Deformation of the'rubber and local 
crazing occurs. 
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In general, our classification based on fracture surface, and whitening degree is in 
agreement with Takald et aL (47). The difference is that they classified one of the 
types of fracture (i. e. type 2) as ductile fracture without whitening but we did not 
find such type of fracture. On the other hand, brittle fracture with whitening, on 
surface was observed on samples for which the impact strength values are near the 
ductile-brittle transition zone. 
3.3.3 PVC Morphology 
The role of rubber particles in increasing the toughening effect in PVC is more 
complex than in other pseudoductile polymers such as nylon. This is due to the fact 
that PVC goes through a virtual metamorphosis involving the breakdown of its 
particulate structure. It was shown that unmodified PVC-U compounds develop 
optimum toughness (as measured by impact resistance) when 44-68 % is in the 
heterogeneous state where some of the primary particles still exist in the crystalline 
melt matrix (48). It is this dependence on the melt morphology - and the 
interdependence of the impact-modifier and PVC morphology - that makes the 
modification of PVC different to other pseudoductile polymers such as nylon. It was 
previously mentioned in section 3.3.1 that the degree of PVC gelation influences the 
distribution of the added (blended) modifiers (impact modifiers A, B, and Q. The 
optimum performance of the blend is expected at intermediate gelation level (i. e. 
when most of the primary particles have not melted) whereby the rubber particles are 
situated around the PVC primary particle (and thus poorly distributed), as shown in 
Figure 3.39. The potentially high concentrations of the modifier in this space will 
cause in the interaction of the stress fields of the rubber particles, resulting in 
enhanced matrix yielding. 
In the study of the effects of processing parameters and PVC gelation, Calvert et al. 
found out that Gc reaches a peak value of 5.2 Whný at 10 rpm screw speed which 
corresponds to a gelation level of 50 % (see Figure 2.5). This observation suggests 
the existence of some possible morphological changes in acrylate rubber-toughened 
pVC compositions associated with processing, which can result in a decrease in Gc, 
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when gelation levels become excessive. At low gelation, the rubber particles will be 
distributed around the PVC primary particles. It is proposed that at higher gelation 
level, the impact modifier will be distributed at random due to the breaking-up of the 
PVC primary particles. The random distribution of rubber particles can contribute to 
the decrease of impact strength since the average distance between the rubber 
particles increases, resulting in less interactions between the yield zones in the PVC. 
The results from thermal analysis in the present study show that the gelation levels of 
all the PVC blends are relatively similar (see Table 3.8). The unmodified blend (MO) 
is found to be slightly below the impact-modified blend and blend M4 (containing 
grafted modifier) is observed to be slightly higher than the other blends. Therefore, 
it can be deduced that the difference in impact strength of the PVC blends is very 
unlikely to be due to the differences in gelation level between the compounds. 
Calvert (14) has also used the thermal analysis, and two other techniques (capillary 
rheometry and a modified solvent technique) to determine the fusion level of twin 
extruded acrylate-modified PVC. He studied the effect of three types -of acrylate 
impact modifier (which differ in terms of core and shell size, but were processed 
under similar conditions) on the gelation levels and the results showed very little 
difference between the three modifiers. The gelatiOn level of the samples from the 
present study (cc endotherm heat of fusion of around 2 J/g ) was found to be lower 
compared to the gelation level of the samples from Calvert's study (cc endotherm 
heat of fusion of around 6 J/g). The main reason for the difference is the difference 
in processing history of the samples. In the present study, the samples were 
compression moulded at 185 T, while in Calverts' study the samples were extruded 
at around 190 
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3.4 Conclusions 
The main conclusions which can be drawn from this chapter are as follows: 
Force and energy data from the HVI test were sensitive to the filter level and 
an optimum filter level for apparatus/specimen combination is thus necessary. 
It was found that peak force increases with increasing filter frequency. The 
failure energy increases with increasing filter frequency until a steady value is 
reached. -A filter frequency of 3 kHz is found to be the optimum value for 
apparatus/specimen combination at an impact velocity of 3 m1s. 
(2) The IFWI tests have highlighted the difficulties which must be overcome to 
obtain accurate and reliable data in the determination of impact strength values 
at high impact velocities, for brittle specimens. It was found that a filter 
frequency of 3 kHz is not effective in reducing the inertial load effect and the 
effect of specimen vibration at impact velocities greater than 3 m/s. Therefore, 
a filter frequency greater than 3 kHz is necessary to overcome the problem and 
the optimum frequency will be different for different velocities. 
(3) The HMI tests show that the chances of brittle failures in, acrylate rubber 
toughened PVC can be reduced by. 
(i) increasing the temperature 
(H) reducing the strain rate 
(iii) increasing the notch-tip radius. 
(3) Under the conditions studied (impact speed 3 m/s and 'dead sharp' notch) all 
the acrylate-rubber toughened PVC blends and unmodified PVC blend show a 
brittle to ductile transition as the temperature is increased. All the four types 
of impact modifier were shown to be efficient in decreasing the brittle to 
ductile transition temperature. 
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(4) Over the impact velocity range studied (i. e. I to 6 m/s) all the acrylate rubber- 
toughened PVC blends except blend M2 showed a transition from ductile to 
brittle at a temperature of around 20 T. As the temperature is increased to 40 
T, blend M2 also passes through a brittle to ductile transition. No transition 
from brittle to ductile is observed for the unmodified blend. 
(5) The impact modifiers differ in their effectiveness to shift the ductile to brittle 
transition. The relationship between the size of the rubber particles and the 
conditions of ductile-brittle transitions of acrylate rubber-modified PVC has 
thus been established. In general, the smaller the rubber particle size, the more 
effective it becomes in shifting the ductile-brittle transition to lower 
temperatures and/or to higher strain rates. 
(6) The estimated yield stress values at impact velocities between I and 6 M/s show 
that all the impact modifiers decrease the yield stress values of PVC relative to 
blend MO (unmodified blend) at temperatures of 0 and 20 T. The 
effectiveness in decreasing the yield stress values increases with decreasing 
rubber particle size (when the blended impact modifiers are compared). It was 
also found that the grafted impact modifier in blend M4 is more effective than 
the blended impact modifier in decreasing the yield stress values. 
(7) The fracture behaviour of the acrylate-modified PVC samples from the 
instrumented falling weight impact testing can be classified into three types, 
from the standpoint of fracture mode (brittle/ductile) and whitening degree: 
(i) Type 1: Ductile fracture with formation of an elliptical shaped stress- 
whitening zone near the edge and on the fracture surface. 
(ii) Type 2: Brittle fracture with whitening on the fracture surface. 
(iii) Type 3: Brittle fracture without whitening. 
(8) TEM is a powerfW characterisation technique, which can be used to study the 
acrylate rubber particle size and toughening mechanism in acrylate rubber- 
178 
Chapter 3 Ductile-Brittle Transition 
toughened PVC. OS04 and Ru04 were successfully utilised to enhance the 
contrast between the acrylate rubber and PVC matrix, for TEM studies. 
(9) TEM studies on the hinge break impact tested samples indicated that crazes do 
not form in acrylate rubber-toughened PVC systems, which suggests that the 
mechanism of impact modification is based on the enhancement of localized 
shear yielding in the matrix, within the vicinity of the rubbery modifier 
particles. 
(10) The findings from the SEM study show that the fibrous yielding phenomenon 
observed is an indication of the transition of the brittle stage to ductile stage 
and correlates well wA the large increases of the impact strength. 
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Figure 3.4: Broaching Tool 
Figures 3.5: Broaching Fixture 
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Figure 3.6: Charpy Jig and Notch Centering Device 
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Figure 3.15: Effect of Filter Frequency on the Force Deflection Curve. 
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Figure 3.16-A: Effect of Filter Frequency on Peak Force 
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Figure 3.17: Typical Force-Deflection Traces for Brittle Samples 
(Blends MO, M1 and M2) 
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Figure 3.18: Effect of Types of Impact Modifier on impact 
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Figure 3.23: Variation of Impact Strength with Impact Velocity at 40 
for Blends NIO and Nt2 
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Figure 3.25-A: Prediction of Yield Stress at 3 m/s for Blend M2 
( ---- Indicates Region of Extrapolation) 
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Figure 3.26-A: TEM Micrograph of Blend MI Sample (Brittle Failure, OsO4 Stained 
After Ultramicrotomed Parallel to Fracture Surface) 
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Figure 3.26-B: TENI Micrograph of Blend N14 Sample (Ductile Failure, OS04 Stained 
After Ultramicrotomed Parallel to Fracture Surface) 
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Igm 
Figure 3.27: TEM Micrograph of Blend M4 Sample (OS04 Stained Before 
Ultramicrotomed) 
I. Unl 
Figure 3.28-A: TLNI Micrograph Of Ru04 Stained Blend N13 Sample (Brittle Failure, 
Ultramicrotomed Perpendicular to the Fracture Surface) 
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Figure 3.29-A: SENI micrograph of Ductile Failure of Sample Blend Nil Close to Point of e5 I 
Initial Crack Propagation (Magnification x 200) 
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Figure 3.29-B: SEM micrograph of Ductile Failure of Sample Blend MI Close to Point of 
Initial Crack Propagation (Magnification x 2000) 
Figure 3.29-C: SENI Micrograph of Ductile Failure of Sample Blend MI(Magnification x 
200, Halfway to Hinge Break-) 
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Figure 3.29-D: SEM micrograph of Ductile Failure of Sample Blend INII (Magnification x 
2000, Halfway to Hinge Break) 
Figure 3.29-E: SENI micrograph of Ductile Failure of Sample Blend NI I Showing a 
Hinge Break (Magnification x 200) 
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Figure 3.29-F: SEM micrograph of Ductile Failure of Sample Blend MI Sho-Aing, a Ilinge 
Break (Magnification x 2000) 
Figure 3.30-A: SEM micrograph of Brittle Failure of Sample Blend N14 (Magnification x 
200, Close to Point of Initial Crack Propagation) 
208 
Chapter 3 Ductile-Brittle Transition 
Figure 3.30-B: SEM micrograph ol'Brittle Failure of Sample Blend M4 (Magnification x 
2000, Close to Point of Initial Crack Propagation) 
Figure 3.30-C: SEM micrograph of Brittle Failure of Sample Blend N14 (Magnification x 
200, Halfway Through Fracture Process) 
209 
Chapter 3 Ductile-Brittle Transition 
Figure 3.30-D: SEM Micrograph of Brittle Failure of Sample Blend M4 (Nlagnification x 
2000, Halfway Through Fracture Process) 
Figure 3.30-E: SE-NI Micrograph of Brittle Failure of Sample Blend V14(Magnification x 
200, Close to Point of Catastrophic Failure) 
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Figure 3.3 1 -A: SEM Micrograph of Brittle Failure of Sample Blend M3 (Magnification x 
200, Close to Point of Initial Crack Propagation) 
Figure 3.31-B: SEINI micrograph of Brittle Failure of Sample Blend N13 (Magnification x 
2000, Close to Point of Initial Crack Propagation) 
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Figure 3.31-C: SLAI micrograph of Brittle Failure of Sample Blend M3 (NIagnific. 11 1 oil x 
200, Halfway Through Fracture Process) 
Figure i-cl-c-, ai)ii ol Biwit f adure of'Sample Blend A13 (NIagnificatiol, x 
2000, Halfway Through Fracture Process) 
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Figure 3.31-E: SEM micrograph of Brittle Failure of Sample Blend M3 (Magnification x 
200, Close to Point of Catastrophic Failure) 
Figure 3.31-F: SEM micrograph of Brittle Failure of Sample Blend N13(Magnification x 
2000, Close to Point of Catastrophic Failure) 
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Figure 3.32-A: SEM Micrograph of Brittle Failure of Sample Blend N14 (Magnification 
x 200, Close to Point of Initial Crack Propagation) 
Figure 3.32-B: SENI Nlicrograph of Brittle Fallure of Sample Blend N14 (Magnification 
x 2000, Close to Point of Initial Crack Propagation) 
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Figure . 3. j2-C: SEM Micrograph of Brittle Failure of Sample 
Blend N14 (Magnification 
x 200, Halfway Through Fracture Process) 
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Figure 3.34: Variation of Impact Strength with Yield 
Stress f or All Samples at 20 oC and 3 m/s 
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CHAPTER 4 
LINEAR ELASTIC FRACTUREMECHAINICS APPROACH 
FOR IMPACT-INIODIFIED PVC 
4.1 Introduction and Objectives 
The oca=cnce of unexpected brittle failure in plastics parts poses a serious and 
ongoing problem to the plastics industry and therefore a better understanding of the 
mechanisms of fi-3cture in these materials is needed. Extensive research has been 
carried ota and has led to the cvolution of fracture mechanics as a means to m-aluate 
and analysc the brittle f3ilurc of materials. However, the application to 
thermoplastics, partictiMy rubber-modified materials, is less %%efl developed. 
The use of linear elastic fracture med, 26cs (I_EFNt) parameters such as critical 
stress intensity factor (Kc)or critical strain energy release rate (Gc) to characterize 
the toughmss of pol)=ws is now quite widespread (14). Kc corresponds to a 
critical lc%*d of stress intensity at the tip of a crack-lik-c defect whereas Gc specifies 
energy of crack extension. per unit surface area. 
A crack in a solid =y, be stressed in three dilTcrent modes denoted 4H and IIL as 
ShOu'n in Figure 4.1. Mode 1. %fich is the tensile-opening mode is technicafly the 
most imPon= since it is the most commnly encountered and usually the one %i&h 
most Often results in Wure. Therefore the LEFM parameters arc designated Kic and 
C'Ic Ihich means that the mode of loading in operation is Mode 1. In this report, 
unless SPCCificaHy stated odwruise, both Kc and Gc are equiv alent to Vic and Cric. 
The measured value of Kc varies %ith the specimen thickness Over a particular range 
Of sample geometries, as sho%%-n in Figure 4.2. Kc and Gc %ill be under plane strain 
dominated conditions %%hen the plastic zone size at the crack tip is srnall compared to 
the relevant specimen dimensions Nidth and thickness). The critical plastic zone 
specifies the range or preparatory plagic damage necessary before crack extension 
110I)l 
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can commence- The size of the plastic zone influences the state of stress so that 
, %hen the plastic zone is large compmed to the specimen thickness, )ielding can take 
place in the tfickness direction Shing plane stress dominated conditions and a high 
observed toughness (see Fig= 2-1.6 in Ch3pter 2) 
Mien the plastic zone is unall, defornution in the thickness direction is constrained 
bY the SUffOunding elastic nuterial, hcnce a plane-strain state pre%-aiN to )ield a 
consequent lower-bound fiacture toughness Kc, (plane-strain fracture toughness) 
and Gct (planc-strain critical strain axqy release rate). The main advantage of 
measuring Kci and Gcj is that the values may be used to comparc the true basic 
toughness of the materials. The plane strain values are the minimum values - Kc and 
Gc will be sreater or equal to their plane strain counterparts. The condition of plane- 
strain is more easily satisfied in brittle polymers than in tougher materials in which 
significant amounts of plasticity precede unstable fi-acture which may invalidate Kc, 
and Gc'- 110%%-C*-Ct the attempts to emend the theory to tougher materials have been 
encoura&S (5-9). 
Truss el aL (5) reported on a technique which enables reliable fracture toughness 
measurements to be m3de in impact tests on relatively small specimens of a tough 
POIYCthylene. In this tectaique. a tough polyethylene is sand%%iched between two 
13YCM Of a more brittle polyethylene and the o%vraU fracnim toughness is interpreted 
on the basis of simple additility of the strain energy release rate associated with each 
Of the component layers. The fi-aý toughness of the brittle layer obtained in this 
waY agreed %ell v%ith direct measurvinents on th. 3t rnaterW (5). 
In more recent paper. Hemingway et at (8) reported on the impact fracture 
toughness of a tough high density po4vth)icne (HDPE) using both pendulum and 
instrumented driven ram machines. Load-time traces from the latter have been used 
to derive a fuykjamentaj understanding of the Charpy test, building on results from 
Pendulum tests over a broad range of temperature. The measured G value at peak 
load from instrumented driven ram machines (at I m/s and -20 *Q was found to be 
ind'PeWent of sPecimen thickness, This value could also be derived from G values 
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based on total cnerU %ia carapolation of a plane stress-strain sand%ich model. 
Several researchm haw also applied LEEM anal)sc: s to non-LEM situation to 
determine an apparent toughness. This approach assumes a plane strain toughness, 
Gct. a notional plane sims toughness, Ga. which both conthibute to the overall or 
apparent value. G. A simple rule of mixturm gives: 
Gcj (B-2rp)iB + Cja2 r, )13 (4.1) 
%here r. is the extent of the plane stress cffect or shear Up at the specimen surface 
and B is the specimen thickness. Rearranging this expression, %c -get: 
G-Gcl+2r? (GM-Gcl)I/B (4.2) 
and a linear relationship between appaitnt or measured G and I/B might be 
expected. This intercept at IfB -0 is Gc, the plane wain or lower bound fi-acture 
tougImess. 
PVC-U is a reLuively tough and durable po, 4-mer but has a disad,. -antage of being 
prone to occasional brittleness. and is considered to be notch-scnsitivc. Articles 
made from PVC-U sometimcs fail prematurrly through brittle fracture during service 
%%-hen the applied stress is concentrated due to the presence of a nick. scratch, or 
notch, or other discrete imperfections such as low Selation PVC polymer, burnt or 
degraded pol)ma particles, undispersed or excessively Luge filler particles. It his 
been established in Chapter 3 that at high strain rates and low temperatures, both 
unmodified and impact-modified PVC blends undergo a transition from ductile to 
brittle Wure. 
A fracture nxvj=ics approach has been used prc%iously in the e%raluation of the 
toughness of pVC. U pipe nutcWs (10-12). Earlier work- %%w conducted at 
"oughblOrOugh Urj%vrsity to look at various aspects of the Process in relation to 
Processing. the morphology and subsequent impact properties of high impact 
acr)'14e-mOdified PVC (13.14). Using instrumented falling weight impact tests in 
the 9ICXurAJ mode. a technique wis de%vloped enabling fracture mechanics principles 
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to study impact modified PVC. A survey of applications of fracture mechanics to 
impact tests and to PVC has been covered in section 2.5.4. The survey shows that 
so far there is only one study reported on the application of fracture mechanics on 
impact nx)dified PVC (14). 
The part of this project reported in this chapter %iU involve more extensive tests 
developed from the technique first reported by Calvert et aL (14) during the study on 
the fracture of high impact acr)-late-nxxfified PVC. The aim of this study is to 
quantify the impact fracture process and to extend earlier studies by examining the 
f0110'96ing Parameters/ variables in detail: 
0 temperature 
0 urain rate 
Also. an additional otýective was to determine the validity criterion for the high 
'mPact Pvc fiacture mechanics parameters under these conditions. 
41 Tbeory - Fr2ctureMechanics and Geometric Parameters- 
The Principles of fracture mechanics have been re%iewed in section 7-5.2. As 
mentioned prc%iously, two parameters are most commonly quoted when referring to 
a fracture mechanics approach. critical strain energy release rate (Gc) and critical 
stress intensity fwor or fracture toughnessý (K, -). 
Critical stren int=4 fictor (Kc) is nomully given by 
Kc - Yor 4a (4.3) 
%here y. stress intensity Scomeuic factor. aF - the nominal failure stress in the 
sample (remote from the stress concentration at the crack tip), a- the length of pre- 
"isting crack (3 single notch in the Charpy test SPOcimens)- The calculation and 
dCriVation of stress intensity goometric factor (Y) 'Aill be presented in section 4.2-1 
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The theoretical approach to the critical strain energy release rate (Gc), has been 
covered in section 2.5-1 Gc essentially nwasures the energy dissipated per unit 
surface area of a gro%ing defect, and according to Plati and NVLUiams (15) can be 
calculated using equation 4.4. 
Gc = 
Uf (4.4) 
B, DD 
Where UF - total absorbed failure energy, B= spedmen thickness, D= spechen 
%idth and 0- enerU geometric fictor. A detailed description of the energy 
geometric factor (0) %%iU be presented in section 4.2.2 
4. LI 71c Stress Intensity i3tometric Factor (Y) 
Considerable effort has been dn-oted to miuate the stress intensity geometric factor 
(Y) for a variety of problems. Them arc two possible approaches, an experimental 
one and a theoretical one (13). The various theoretical methods are surriniarised by 
Rooke and Cart"ght (16). The theoretical approach based on boundary 
col. location is used in the cufferit study. 
In this method, the stress fimction is reinrsented in series form and the determination 
of the stress intensity geometric factor (Y) is reduced to the solution of a set of 
linear algebraic equations. The boundaty conditions on the crack surface are buHt 
into the'serics chosen to represent the stress function and any remaining conditions 
around finite boundaries are then fitted apMvinately. The boundary points may be 
match'd (COUOcated) " exactly" or fitted in a 'least squarc' smse. Whilst 
comergence is not guaranteed the boundary collocation method has contributed a 
considerable number of stress intensity geometric factor (Y) solutions, relm-ant to a 
range of test specimens. 
Conditions for three point bending in a shm of s=plc %ith finite %%idth containing a 
crack Perpendicular to one edge %hich is subjected to bending loads %%Wch open the 
cracl`-- hAvC been studied using boundmy coHocation. The results are presented by 
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Brown and Srawley (17) in the form of fourth order polynomials (the general form 
of which is shown in equation 4.5) which fit curves to the collocation results giving a 
probable accuracy of better than I% for a/D: 5 0.6. 
=4 
(a) 
(4.5) 
Sample geometry influences the Y parameter values and the values for L/D ratios of 
4 and 8 have been considered in detail. (L is the total span over which bending load 
is applied and D is the width of the specimen) 
For example, if L/D = 4, Y is give'n by: 
Y=1.97-2.74 (a/D) + 13.65 (a/D)2 - 23.90(a/D)3 + 25.133(a/D)4 (4.6) 
For L/D = 8, Y is given by: 
1.93 - 3.06 (a/D) + 14.5 1 (a/D)ý- 25.13 (a/D)3 + 25.84(a/D)4 (4.7) 
Using linear interpolation it is possible to calculate the coefficient values of Y for the 
actual values of geometric variables in a Charpy test i. e. for an L/D ratio of 6.67. 
1.95- 2.85(a/D) + 13.93(a/D)2- 24.25(a/D)3 + 25.3 1 (a/D)4 (4.8) 
4.2.2 Energy Geometric Calibration Factor (0) 
Marshall el al (18) showed that if the assumption of elastic deformation is made 
then it is possible to deduce the critical strain energy release rate, directly from 
energy measurements. When considering applying fracture mechanics to the impact 
test, an energy geometric calibration factor (ý) is used as in equation 4.4. Plati and 
Williams (15) extended the work by Marshall et aL (18), by deriving calibration 
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factors for both Charpy and Izod tests. In order to explain the derivation of the 
energy geometric calibration factor (ý), part of their analysis is now reproduced. 
Linear elastic fi7acture mechanics (LEFM) assumes that the sample deforms in a 
totally elastic manner. The compliance (C) is therefore a function only of crack 
length and geometry. Thus for an applied load P resulting in a deflection x, we have 
the relationship expressed in equation 4.9 where a is the crack length. 
C (4.9) 
Since the deflection is entirily due to elastic strain, the energy absorbed will be equal 
to the energy under the triangular load-deflection diagram, as shown in Figure 4.3. 
Hence the relationships shown in equation 4.10 apply. 
UF -I P-x - 
lp2. 
C 
22 
(4.10) 
The strain energy release rate (G) of a specimen of uniform thickness (B) is given by 
equation 4.11: 
G= 
1 dUf 
B da 
(4.11) 
Fracture occurs when a critical value of G is reached, the critical strain energy 
release rate, Gc . Hence: 
Gc 
P' dC 
2B * d4 
(4.12) 
The conventional stress analysis equation relating to fracture toughness may be 
written as: 
v 2=Y2. 
"C ce. a (4.13) 
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For plane stress (as has been stated earlier in Chapter 2), Kc and Gc are related by 
the following equation: 
I<C2 = EGc (4.14) 
For the plane strain situation, Young's Modulus (E) is replaced by E/(I-V, 2 ), where v 
is the lateral strain contraction ratio (Poisson's ratio). Kc and Gc are related by the 
following equation: 
KC2 = EGc/(l -v, 2) 
For any geometry there wiH be a constant ratio between the maximum stress and 
load (a/P), say affiD, so that combining equations 4.11 - 4.14 produces the 
following relationship: 
_ 
dC 2a 2. Y2 (a1D) 
d(a / D) EB 
(4.16) 
If energy (rather than load) is to be measured, we must return to equations 4.10 and 
4.12 so that: 
U Gc -x BDO (4.4) 
where, ý=C (4.17) dC / d(a / D) 
If ý is determined as a function of (a/D) and the energy measured at fracture is 
plotted as a function of BDý (for different specimen geometries), then a straight line 
with gradient equal to the plane strain energy release rate, Gcj, should result. This 
analysis can be used as a proof of the validity of the fracture mechanics approach. 
Equation 4.17 can be used to determine 0 experimentally by measuring C for 
different values of (a/D) and hence finding dC/d(a/D). 
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Another means of deducing ý is from Y2, since from equation 4.17: 
EfY. 
(a1D). d(a1D) + Co 
where C. is the compliance for alD =0 and may be written as: 
C, - 16 2 (4.19) 2a 
where 0 is another geometric constant. Thus, ý becomes: 
f Y. (a / D). d(a / D) 
+ 
(8) 1 (4.20) 
Y. (a1DO ýta-)'- Y. (a/ D) 
Brown and Srawley (17) computed y2 values relating to the Charpy test and 
expressed the results in series form at several (2L,; /D) ratios. Hence ý may be 
determined using: 
3L. 
(4.21) 
D 
and 
L. 3 
2 
D) 
(4.22) 
where L. = L/2 (midway the distance between two supports). 
Hence 0/2CC2 (from equation 4.20) = L. /9D. For short notches y2 is approximately 
equal to 7c so that: 
=I 
(_a) 
+I. 
1 (4.23) 
2 i5 18; r D (a / D) 
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4.3 Experimental and Data Processing -ý, I 
The fracture mechanics parameters, Kc and Gc, are calculated from the data 
obtained in the instrumented falling weight impact (IFWI) tests reported in Chapter 
3. The details of sample preparation and conditions for the IFWI test have been 
described in section 3.1. 
The measurement of yield stress on a conventional tensometýr was also done to 
predict the yield stress of the PVC blends under high strain rate conditions analogous 
to Charpy impact testing. 
4.3.1 Determination of Critical Stress Intensity Factor (Kc) 
Stress Intensity factor, Kc, is calculated using the equation 4.3 shown below. 
Kc = YaF4 a (4.3) 
From equation 4.3, three parameters are required for the calculation of Kc; crack 
length (a), the geometric correction factor (Y) and the nominal failure stress (hence 
load at failure) during impact (remote from the stress concentration at the crack tip, 
CTIF). 
The geometric correction factor (Y) is calculated using equation 4.8 shown below: 
1.95- 2.85(a/D) + 13.93(a/D) ý- 24.25(a/D) 3+ 25.3 1 (a/D) 4 (4.8) 
I 
This equation was entered on a spreadsheet so that a value for Y could be calculated 
for every sample tested, inputting the values of a and D. 
231 
Chapter 4 LEFM Approach 
Nominal failure stress, crF, is calculated from the equation 4.24 shown below: 
3PFL 
CTF =- 
2BD 
(4,24) 
The maximum load at failure (PF) is obtained directly from an instrumented impact 
raw-data trace and the specimen depth is taken to be equal to the specimen width as 
shown in Figure 3.3. Crack length (a) of each sample is measured using a travelling 
microscope. Using the values for the three parameters required for the calculation of 
Kc: geometric correction factor (Y), nominal failure stress during impact (remote 
from the stress concentration at the crack tip, (: YF) and crack length (a), a spreadsheet 
was constructed which automatically calculated Kc. 
4.3.2. Determination of Critical Strain Energy Release rate (Gc) 
Gc is calculated using equation 4.4 shown below: 
u 
GC -v BDO 
(4.4) 
From equation 4.4, four parameters are needed to calculate Gc: total absorbed 
failure energy (UF), specimen thickness (B), specimen depth (D) and energy 
geometric calibration factor (ý). 
I 
The failure energy (UF) for each specimen is obtained from the IFWI tests force- 
deflection trace. The energy geometric calibration factor (ý) is calculated using the 
equation 4.23 shown below: 
a) + 
2 
(D 
18; r 
(ýDF) 
(a D) 
(4.23) 
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This equation was entered on a spreadsheet so that a value for ý could be calculated 
for every sample tested. 
Using the values f6r the four parameters needed to calculate Gc; total absorbed 
failure energy (Uf), specimen thickness (B), specimen depth (D) and energy 
geometric calibration factor (ý), a spreadsheet was constructed which automatically 
calculated Gc. 
4.4 Results 
In this section, the results of the effect of impact velocity and temperature on 
fracture mechanics parameters will be presented. 
4.4.1 Effect of Impact Velocity on Fracture Parameters 
Kc and Gc will be determined under plane strain dominated conditions when the 
plastic zone size at the crack tip is small compared to the relevant specimen 
dimensions (width and thickness). When the plastic zone is small, deformation in the 
thorough-thickness direction is constrained by the surrounding elastic material, hence 
a plane-strain state prevails, to yield a consequent lower-bound fracture toughness 
Kc, (plane-strain fracture toughness) and Gcj (plane-strain critical strain energy 
release rate). 
The variation of Kc with impact velocity is given in Table 4.1. Although the impact 
tests were conducted for impact velocities from I to 6 m/s, the results for 4 to 6 m/s 
for blends MO, MI and M2 are not included. It was previously mentioned in section 
3.2.3.2 (in Chapter 3) that for blends MO, MI and M2, the reliability of the data 
obtained from impact velocities 4 to 6 m/s is doubtful. 
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Table 4.1: Variation of Kc (MPam 0') with impact Velocity at 20 *C 
Blends Impact Velocity (m/s) 
1 2 3 4 5 6 
MO 2.13 1.96 1.96 
(0.13) (0.17) (0.26) 
M1 DF 3.35 2.79 
(0.20) (0.41) 
M2 2.65 2.33 2.60 
(0.13) (0.11) (0.17) 
M3 DF DF DF DF 4.23 4.01 
(0.24) (0.19) 
M4 DF DF DF 4.03 3.63 3.13 
(0.27) (0.11) (0.77) 
Standard deviation values are given in brackets 
DF: Ductile failure 
*: Unreliable data 
The Kc values in Table 4.1 can be considered as values for the plane-strain fracture 
toughness (Kci) values if sample thickness is greater than or equal to the minimum 
sample thickness (Bm[N) (2). Bm[N is related to plane strain fracture toughness (KcI) 
and yield stress (ay) by (2): 
BmiN ý- C (Kci 2 (4.25) 
where C is a criteria which relates the minimum sample thickness (%&N) with plane- 
strain fracture toughness (KcI) and yield stress (ay) for the appropriate test velocity 
(i. e. extrapolated/estimated values). Several values for C have been suggested, on 
basis of previous experience. Most commonly, a value of 2.5 is considered to be 
appropriate (2,17), a derivation from first principles produces a value which differs 
only slightly from 2.5 quoted in the ASTM criterion (19). 
Having estimated yield stress values for various modifier systems at various strain 
rates and temperatures, and having determined the related fracture toughness values; 
this relationship can be used to estimate the Bm[N necessary for the instrumented 
falling weight impact test technique for determination of Kc, to be valid. This 
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analysis is approximate due to several factors. Firstly, it depends on selection of 
appropnate value for the constant C. Another point to consider is that the 
extrapolation of the low strain rate yield stress values may not give the accurate yield 
stress values at high strain rate as explained earlier in Chapter 3. The other source of 
error is in the determination of Kc values. As the oscillations and inertial effect 
increase with impact velocity, especially for brittle materials, the maximum force 
values obtained from the force-deflection traces may not be accurate. All these 
factors must be taken into account when interpreting the results to detennine the 
validity of plane strain fracture toughness (KcI) using the relationship in Equation 
4.25. 
Accepting these possible sources of vanation, the Bm[N values calculated using 
Equation 4.25 for all samples fractured in brittle mode are given in Table 4.2. The 
results show that the BmN'for blends M3 and M4 are far greater than the sample 
thickness used in this study and therefore the Kc values cannot be considered as 
values for the plane strain fracture toughness (KcI). The results also show that blend 
MO has Bm[N below the sample thickness for all impact velocities studied. The Bmaq 
of blend M2 is below the sample thickness at 2 m/s and therefore it is expected that 
Kc values at 2 and 3 m/s are valid Kc, data. The BmjN of MI is greater than the 
sample thickness by nearly 1.5 mm even at 3 m/s, and therefore the Kc values at 2 
and 3 m/s cannot be considered as values for the plane strain fracture toughness 
(Kci). 
Table 4.2: Variation of BmjN (mm) with Impact Velocity at 20 T 
Impact Ve ocity (m/s) 
Blends 1 2 3 4 5 6 
Mo 2.12 1.71 1.67 
Mi DF 6.57 4.44 
M2 3.77 2.77 3.27 
M3 DF DF DF DF 11.51 9.22 
M4 DF DF DF 9.90 7.87 5.77 
DF: Ductile failure 
*: Unreliable data 
Typical sample thickness is 3±0.15mm. 
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The variation of Kc, with impact velocity is given in Table 4.3. The result shows 
that the Kc, values of blend M2 are greater than the umnodified blend (MO) at 
impact velocities of 2 and 3 m/s. For blend MO, no significant change in Kc, values 
is observed as the impact velocity increases from I to 3 m/s. The increase in Kc, 
values for blend M2 when the impact velocity increases from 2 to 3m/s is unexpected 
and shows the difficulty in obtaining correct data from IFWI tests. As the strain rate 
increases, the material is expected to become more brittle and Kc, should decrease 
or remain constant. The possible explanation for the unexpected trend will be given 
in section 4.5. 
Table 4.3: Variation of Kc, (MPam 0*5) with Impact Velocity at 20 T 
Blends Impact Velocity (m/s) 
1 2 3 
MO 2.13 
(0.13) 
1.96 
(0.17) 
1.96 
(0.26) 
M2 
Lý 
2.33 
(0.11) 
. 
2.60 
(0.17) 
**: Invalid Kc, value 
The variation of Gc, with impact velocity is given in Table 4.4. No significant 
change in Gc, values for both blends MO and M2 is observed Mth the increase of 
impact velocity. The results also show that at impact velocities of 2 and 3 m/s, the 
Gc, values of blend M2 are greater than the unmodified blend (MO). 
Table 4A Variation of Gc, (kJ/m2) with Impact Velocity at 20 T 
Blends Impact Velocity (mls) 
1 2 3 
MO 2.69 
(0.17) 
2.83 
(0.17) 
2.99 
(0.38) 
M2 3.63 
(0.28) 
3.54 
(0.33) 
**: Invalid Gc, value 
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4.4.2 Effect of Temperature on Fracture Parameters. 
The variation of Kc with temperature is given in Table 4.5. To detennine whether 
the Kc values are valid Kc, values, the Bmuq values are calculated and compared vAth 
the actual samples thickness used. 
Table 4.5: Variation of Kc (MPam 0*) with Temperature 
Temperature CC) 
Blends 40 0 20 
Mo 1.84 1.91 1.96 
(0.22) (0.26) (0.26) 
Mi 2.69 2.81 2.79 
(0.17) (0.18) (0.41) 
M2 2.35 2.35 2.60 
(0.2 (0.12) (0.17 
M3 2.23 2.86 DF 
(0.31) (0.16) 
M4 2.21 2.89 DF 
(0.44) (0.11) 
DF: Ductile failure 
The Bmeq values for temperatures 0 *C and 20 *C are given in Table 4.6. From the 
Bmw values calculated, it can be inferred that at 20 T, the Kc values of blends MO 
and M2 are valid Kc, values. Although the Bm[N value of blend M2 is slightly greater 
than the actual sample thickness used, the Kc values can be considered as valid Kc, 
for the reasons explained earlier in section 4.4.1. The Kc values of blend MI at 20 
OC cannot be considered valid Kc, values because the Bm[Ncalculated is greater by 
nearly 1.5 nun than the sample thickness used in the study. 
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Table 4.6: Variation of BIMIN (mm) with Temperature 
Temperature (C) 
Blends 20 
MO 1.16 1.67 
Mi 3.38 4.44 
M2 3.00 3.27 
M3 4.16 DF 
M4 4.29 DF 
Typical sample thickness is 3±0.15 mm. 
DF: Ductile Failure 
At 0 *C, from the values of BmN calculated it can be inferred that the Kc values of 
blends MO and M2 are valid Kc, values. The results show that the BmIN for blend 
Ml is nearly 0.4 mm greater than the sample thickness used in this study and 
therefore the Kc values cannot be considered as values for the plane-strain fracture 
toughness KC1. At 0 *C, the BNiN for valid Kc, values for the acrylate rubber- 
toughened PVC systems lie close to the actual thickness of the samples used. It is 
therefore expected that the Kc values for all samples will be valid Kc, at -40 T due 
to the increase of yield stress values. 
The variation of Kc, values with temperature is given in Table 4.7. The results show 
that no significant change in Kc, values for blend MO is observed as the temperature 
decreases. For blend M2, Kc, value decreases as the temperature decreases from 20 
OC to 0T before remaining constant as the temperature decreases further to -40 T. 
The results also show that the Kc, values of blend M2 are higher than blend MO at 
20 OC, 0T and -40 T. At 40 *C, all the impact modified blends (blends MI-M4) 
are shown to have higher Kc, values than blend MO. 
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Table 4.7: Variation of Kc, (MPam 0') with Temperature 
Temperature ('C) 
Blends -40 0 20 
Mo 1.84 1.91 1.96 
(0.22) (0.26) (0.26) 
Mi 2.69 
(0.17) 
M2 2.35 2.35 2.60 
0.12 (0.17) 
M3 2.23 DF 
(0.31) 
M4 2.21 DF 
(0.44) 
DF: Ductile failure 
**: InvafidKcivalue 
The variation of Gc, values with temperature is given'in Table 4.8. The result shows 
that no significant change in Gc, values is observed as the temperature decreases 
from 20 OC to -40 OC. The results also show that the Gcj values of blend M2 are 
higher than blend MO at 20 T, 0T and -40 T. All the impact modified blends 
(blends MI-M4) are shown to have higher Gc, values than the utunodified blend 
(MO) at -40 T. 
Table 4.8: Variation of Gc, (kj/M2) with Temperature 
Temperature (C) 
Blends -40 0 20 
Mo 2.91 3.17 2.99 
(0.25) (0.16) (0.38) 
Mi 3.83 
(0.20) 
M2 3.43 3.53 3.54 
(0.31) (0.17) (0.33) 
M3 3.49 DF 
(0.32) 
M4 3.42 DF 
(0.50) 
DF: Ductile failure 
**: Invalid Gcivalue 
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4.5 Discussion 
In this study, an Instrumented Falling Weight Impact (IFWI) Testing machine was 
used to determine the variation of plane strain fracture mechanics parameters, Kc, 
and Gcj with impact velocity and temperature, for unmodified and acrylate modified 
PVC-U. It is important to emphasize that plane strain fracture mechanics 
parameters, Kc, and Gcj are achieved when the plastic zone is small, and thus the 
deformation in the thickness direction is constrained by the surrounding elastic 
material. The plane strain values are the minimum values - Kc and Gc will be greater 
or equal to the plane strain counterparts. The Kc, values can be considered valid if 
the actual sample thickness used is equal to or greater than minimum sample 
thickness (BNEN), as defmed by the criterion in Reference (2). This method of 
determining the validity of plane strain fracture values is only an estimation, due to 
several factors which have been mentioned in section 4.4.1. 
The present study has highlighted some problems in using IFWI tests to obtain 
reliable data for fracture mechanics at high impact velocities. Although the impact 
tests were conducted for impact velocities from I to 6 m/s, the reliability of the 
results at impact velocities 4 to 6 m/s, for blends MO, MI and NU is doubtful as 
discussed in section 3.2.3.2 (in Chapter 3). At impact velocities 4 to 6 m/s, the 
force-deflection traces showed that the first peak increased to a level that is either 
higher or slightly lower than the second peak. This will have a large influence on 
correct determination of total failure energy. The other problem of high velocity 
impact testing is the difficulty to locate exactly the point of crack initiation. In the 
study made by Stalder and Kausch (20), it has been shown that at high impact 
velocities, the onset of fracture is not automatically associated with a specific feature 
on the force-deflection trace. In particular, it does not necessarily coincide with a 
force peak. The possible reasons for the first peak are the inertial load on the sample 
and the oscillations on the impact system (21-25). Further discussion on this will be 
considered later in this section. 
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The results given in Tables 4.3 and 4.4 show that both Kc, and Gcj values of blend 
MO do not change significantly as the impact velocity increases from I to 3 m/s. The 
unexpected increase in Kc, values for blend M2, when the impact velocity increases 
from 2 to 3m/s, could be due to the overfiltering of the impact data at 2 m/s. The 
results in section 3.2.3.1 (in Chapter 3) have shown that the peak force decreases 
with decreasing filter frequency. From the study based on an impact velocity of 3 
m/s. it was also concluded in Chapter 3 that the most suitable filter frequency is 3 
kHz. Subsequently, the filter frequency of 3kHz was also used for other impact 
velocities. However although the filter frequency of 3 kHz is the most suitable for 
an impact velocity of 3 m/s, it may be too harsh for an impact velocity of 2 M/s. 
Since less vibrations occur at an impact velocity of 2 m/s, a filter frequency of more 
than 3 kHz would have been more suitable, which will result in higher maximum 
peak values and hence higher Kc, values. Therefore, the decision to use the filter 
frequency of 3 kHz in the IFWI tests at all impact velocities may not have been 
appropriate. A more thorough study to find the most suitable filter frequency for 
every impact velocity should be done. The results have also shown that the impact 
modifier in blend M2 is effective in increasing both Gcj and Kc, values at impact 
velocities 2 and 3 m/s. 
The study on the variation of Kc, values with temperature (given in Table 4.7) shows 
no significant change in Kc, values for blend MO as the temperature decreases. For 
blend M2, a decrease in Kc, values is observed as the temperature decreases from 20 
T to 0T before remaining constant as the temperature decreases further to -40 T. 
The results from the study on the variation of Gcj values with temperature (given in 
Table 4.8) show no significant change in Gc, values as the temperature decreases 
from 20 T to -40 OC. The overall results show that the impact modifiers are 
effective in increasing the Gc, and Kc, values. It is interesting to observe that at a 
temperature of -40 *C, the Gcj and Kc, values of the impact modified blends (Ml- 
M4) are higher than the unmodified blend (MO) showing that the rubber particles are 
still effective. 
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Findings from the present study, which suggest that Gc, values are influenced by the 
presence of the impact modifiers, are in agreement with the earlier findings of 
Calvert (13). However, the results obtained in the present study, which also indicate 
that Kc values are being influenced by the presence of the impact modifiers in the 
blends are not consistent with the results obtained by Calvert (13). I-Es study on 
fracture properties of acrylate-modified PVC showed that the modifier added during 
the blending process does not significantly affect the Kc, but influences the value for 
the Gc. 
At 0T Calvert (13) obtained a Kc, value of 3.10 NlParný-5 for an umnodified blend 
which is higher than the value of 1.91 MParno, 5 from the present study. The 
difference between the values from the findings of present study to that of Calvert's 
findings can be attributed mainly to the difference in formulation and processing 
history which was summarised in Table 4.9. 
Table 4-9: Comparison in Formulation and Processing History Between 
Present and Previous Study (13). 
Ref (13) Present Study 
Filler content (phr) 3-6 0 
Pigment content (phr) 4 0 
Stabilizer Lead and Barium/Cadmium 
System 
Tin 
Processing equipment Twin screw extruder Compression Moulding 
Processing temperature ('C) 190 185 
1 
The difficulties in interpreting and analysing the resulting load-deflection at high 
impact velocities has also been cited by many previous investigators (21-26). The 
difficulties arise because of the presence of dynarnic effects: vibrations in the test 
system producing oscillations and inertial loads producing forces on the test 
specimens (21-25). 
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During any impact event, the specimen under test and the striker react to the impact 
oscillations in a number of ways (24). Firstly, the specimen and striker may 
momentarily lose contact as the specimen begins to deform so that load signal 
recorded by the instrumentation will initially fall and then rise as the specimen is re- 
loaded. Secondly, once the specimen and striker are in contact they still may 
oscillate but this time under a forced vibration regime. 
The inertial load which is present in all impact situations depends on the requirement 
to accelerate the stationary specimen to the velocity of the striker (21). From the 
study made by Zanichelli et aL (22), it has been proposed that the first peak generally 
observed in the recorded force-time curve reflects a purely inertial load effect and 
involves only the part of the test specimen around the area of contact with the 
striker. It has been shown that the magnitude of this inertial load is proportional to 
the impact velocity and becomes more pronounced when operating at greater impact 
velocities and as such, can pose a serious problem during data analysis. 
At impact speeds of less than I m/s the dynamic effects may be negligible and at 
speeds around I m/s the dynamic effects may become significant but still controllable 
(23). At speeds of several meters per second and higher, the dynamic effects 
become dominant. When this is the case, a rigorous evaluation of fracture mechanics 
parameters such as Kc and Gc, merely from the force-deflection trace becomes 
extremely difficult. Two alternative approaches have been proposed by various 
researchers to overcome the problem (22): 
(b) Reduce the dynamic effects to an insignifcant level, e. g. by mechanical and 
electrical filtering. 
(a) Take effects into account using a thorough analysis of the measured data, by 
proposing mechanical models (e. g. spring-mass model) to simulate the process. 
In the present study, electrical filtering with a filter frequency of 3 kHz was used in 
the IFWI tests at all impact velocities. The force-deflection traces given in Figure 
3.17 (in Chapter 3) show that at an impact velocity of I m/s, a relatively smooth 
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force-deflection trace is observed. As the impact velocity increases to 3 M/s two 
peaks were observed, with the first one much lower than the maximum peak. The 
first peak increases with increasing velocity and at impact velocities 4 to 6 m/s, the 
first peak is higher than the second peak. The increase of the first peak with 
increasing impact velocity has also been mentioned by Zanichelli el aL (22) and he 
proposed that the first peak in the force-deflection traces is due to the inertial load. 
Electrical filtering was also used by Satoh and Takahashi (27) who showed that a3 
kHz filter frequency provides better results for impact tests of engineering plastics 
than lower, or higher frequencies. A drawback of this technique however is that the 
inertial load effect and the effect of specimen vibration cannot be avoided when they 
are intense, which will influence the fracture energy measurements (25). The results 
from the present study have also shown that a filter frequency of 3 kHz is not 
effective in reducing the inertial load effect and the effect of specimen vibration at 
high impact velocity. 
Another method that was used to reduce the dynamic effects during high veYocity 
impact testing is the mechanical filtering. Aggag and Takahashi (25) applied a thin 
rubber sheet to the impact surface of a specimen to damp the dynamic effect. It was 
shown from the results for polycarbonate Charpy specimens that mechanical filtering 
(for a thickness of 0.5 and 1.0 mm) gives good reliability at impact velocities of both 
2.8 and 4.0 ni/s, not only in reducing the inertial oscillation effect, but also in 
providing correct values of impact energy. Mills and Zhang (28) have also 
investigated the causes of the force oscillations observed in instrumented impact 
tests and suggested that the initial cause of these oscillations is the impact between 
the steel striker and the specimen. They found the magnitude of the initial peak to be 
proportional to the impact velocity, similar to the results in the present study. Their 
studies have also showed that one effective method of removing oscillations from 
instrumented impact tests is to reduce the contact stiffness impact between the steel 
striker and the specimen using a low modulus material of low coefficient of 
restitution, such as polyurethene rubber. This was found to produce more 
meaningful force-deflection or stress-strain curves without changing the values of the 
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failure stress, hence Kc. A sin-fflar approach could be considered for future work on 
impact-modified PVC-U. 
Another study on the determination of plane strain fracture toughness (KcI) at high 
impact velocities was done by Adams el al. (29). They found that a force based 
analysis of three-point bend impact tests yielded valid Kc, data only at impact speeds 
below I m/s. At speeds greater than I nils the dynamic effects render the load signal 
unusable and as an alternative, a displacement-based analysis was used. This method 
requires the loading time to fracture and therefore it is necessary to instrument the 
specimen with contact gauges and crack propagation gauges. At still higher impact 
speeds, some form of dynamic correction of the analysis is essential and a 
spring/mass model was used to convert this measurement to the true specimen 
displacement. 
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4.6 Conclusions: 
The main conclusions from this chapter are: 
The IFWI tests in the present study have high1ighted the difficulties in obtaining 
accurate and reliable data in the determination of Kc, and Gc, values at high 
impact velocities, for brittle specimens. It was found that a filter frequency of 3 
kHz is not effective in reducing the inertial load effect and the effect of 
specimen vibration at impact velocities greater than 3 M/s. Therefore, a filter 
frequency greater than 3 kHz is necessary to overcome the problem. 
(2) As the impact velocity increases from I to 3m/s, the Kc, and Gci values for 
blend MO do not change significantly. Similarly, the Gci values for blend M2 do 
not change significantly as the impact velocity increases from 2 to 3 M/s. 
However, the Kc, values for blend M2 increase as the impact velocity increases 
from 2 to 3 m/s. One possible explanation for this is the overfiltering of the 
impact data at 2 m/s. 
(3) As the temperature decreases from 20 T to -40 T, the Kc, and Gc, values for 
blend MO do not change significantly. Similarly, the Gc, values for blend M2 do 
not change significantly as the temperature decreases from 20 OC to -40 OC. 
However, the Kc, values for blend M2 decrease as the temperature decreases 
from 20 T to 0T but remain constant as the temperature decreases to -40 T. 
(4) At impact velocities of 2 and 3 m/s and at a temperature of 20 T, the impact 
modifier in blend M2 is effective in increasing Kc, and Gcj values. Similarly, the 
impact modifier in blend M2 is effective in increasing both Kc, and GcI values at 
20 T, 0T and -40 T. At -40 T, the impact modifiers in blends MI-M4 
increase both Kc, and Gcj values relative to the unmodified blend. 
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- -b. I -- I!:;, z 
Figure 4.1: Modes of Loading (a) Cleavage or Tensile-opening Mode: Mode 1, * 
(b) Inplane-shear Mode: Mode 11; and (c) Antiplane-shear Mode: Mode 111. 
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Li 
b 
Figure 4.2: General Effects of Specimen Thickness (b) on Fracture Energy (U) 
and Fracture Toughness (Kc), Showing the transition from Plane Stress to Plane 
Strain Failure 
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Figure 4.3: Idealised LEFM Fracture Trace 
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CHAPTER 5 
IMPACT PROPERTIES AND MODIFICATION 
OF FREE-FOANIED PVC-U 
5.1 Introduction and Objectives 
Unplasticised foamed PVC (foamed PVC-U) profile has been commercially available 
for at least two decades, but is now becoming increasingly important because of recent 
improvements in technology and applications (1,2). It offers good weather resistance, 
chemical resistance, flame retardancy, improved thermal insulation and most 
importantly, the ease and versatility of being able to work with, i. e. it can be sawn, 
nafled and screwed (2). However, the main reasons proposed for the escalation of 
PVC usage in foam markets has been the desire to reduce extrudate density as PVC 
resin prices change, and the benefits PVC-U foam offers in comparison with other 
traditional construction materials it is designed to replace (24). - 
The European market represents the greatest consumption of PVC resin for rigid foam 
applications, estimated at 100,000 metric tonnes, in 1990, whilst the US market is 
approximately one-third of this amount (5). Major European markets are the 
production of cellular vinyl siding, sheet and profile, whereas in the USA foamed 
PVC-U is predominantly used in profile, sheet and pipe applications (4). As a 
maintenance-free product, it is in growing demand for the replacement of softwood 
components in the UK building industry (6). 
Foamed PVC-U offers greater design freedom and increased flexural stiffness in 
comparison to solid sections. Articles made from foamed PVC-U are however often 
subjected to impulsed high loading, known as impacts during their useful lives (3). 
The response of plastics to impacts of various kinds has been the subject of many 
intense studies. When plastics are foamed, the importance of fabricating parts that 
must withstand impact loading increases greatly. A drop in toughness (notably under 
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impact loading) is often observed following -foaming. The addition of stress 
concentrators such as bubbles can cause an otherwise ductile part to fail in brittle 
fashion (7). 
Results from Chapter 3 in the present project have shown that acrylate core-shell type 
impact modifier is effective in increasing the impact strength of solid PVC. This part 
of the project aims to extend the use of acrylate core-shell type impact modifier to 
foamed PVC in order to assess the applicability of impact modifiers to a PVC-U 
matrix containing a network of closed-cell bubbles. It was planned to improve the 
impact resistance of the PVC-U foam through impact modification of the rigid free- 
foam compound. From the literature, there have been relatively few studies of impact 
properties in co-extruded foamed PVC-U profiles (8,3). Thomas and Quirk (8) 
studied the use of bottle recyclate in co-extruded foamed PVC-U in which 
instrumented falling weight impact tests were carried out on samples containing 
different concentrations of recyclatelvirgin blends. They found out that using up to 
100% PVC recyclate did not affect density, cell structure or impact properties of the 
co-extruded foam profile. Szamborski and Buterbaugh (3) reported the effect of 
foaming techniques on various properties including impact resistance. In their 
experiments, four cellular and one solid siding were used, as shown in Table 5.1. Two 
types of impact tests were used, a variable height dart-drop impact test (VMT) and 
Dynatup Instrumented Falling Weight Impact testing. The results obtained from 
VFHT were inconclusive owing high standard deviations. 
Table 5.1: Description of Samples for Impact Testing (Ref. 3) 
Sample Description 
I co-extruded integral foam with solid capstock 
2 integral foam 
3 modified integral foam 
4 free foam 
5 
-I 
conventional embossed solid PVC 
-- -- I 
II 
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The results obtained from the Dynatup instrumented Falling Weight Impact testing are 
shown in Table 5.2. The first sample set was impacted on the back, while the second 
was impacted on the fi7ont. All foam siding breaks were brittle. Sample 5 (solid PVC) 
had the greatest impact strength from both sets. The energy values increased when hit 
on the front side because of the embossing. Sample 3 (modified integral) and sample 4 
(free foam) had a higher impact strength when hit on the backside than when hit on the 
front side. The reason for this result was unknown. Sample I (co-extruded) had the 
same impact strength in both sets. This was surprising because the cap layer on the 
front side of the sample did not help to increase the impact strength. The addition of 
an impact modifier to the foam layer may help to increase the impact strength. 
Table 5.2: Average Total Energy Resulting from Dynatup Impact (3) 
Sample Ifit: Backside 
Total Energy (J) 
Ifit: Frontside 
Total Energy (J) 
1 4±1.2 4±0.9 
2 2±0.3 3±0.8 
3 7±0.9 5±0.9 
4 4 ±0.6 3±0.3 
9 -± 2.3 12 ± 0.9 
They concluded. that further studies are warranted in order to define how much impact 
strength and what kind of test method is needed 
, 
to reflect the actual end-use 
performance requirement (3). 
In this present study, the foamed PVC-U samples are manufactured by free-foaming 
and also by a co-extrusion process. In this chapter the impact properties of impact- 
modified free-foamed samples will be reported. The study on the impact properties of 
impact-modified co-extruded samples will be reported in Chapter 6. 
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The objectives of this part of the project are: 
1. To enhance the impact resistance of PVC-U foam through impact modification with 
acrylate elastomers. 
2. To study the effect of the following parameters on impact, fracture and flexural 
properties of extruded PVC-U foam compounds: 
* impact modifier addition level 
* blowing agent addition level, hence degree of foaming and profile density. 
5.2 Materials and FormUlations 
PVC dry blend and a range of additives (without any impact modifier and blowing 
agent) were initially mixed in the dry blender at- European Vinyl Corporation (EVC) 
laboratory in Runcom. 
Specific details on the formulations were not disclosed. It is however known that the 
formulation used in the present study is similar to a typical PVC-U foam profile 
fonnulation, which contains the ingredients shown in Table 5.3 (6). 
Table 5.3: Typical PVC-U Foam Profile Formulation (6) 
Ingredient Parts (phr) 
PVC Resin (K57) - Evipol SH5730 100 
Lead Stabiliser 34 
Lead co-Stabiliser & Lubricant 0.4-0.6 
Lubricants 1.0-2.0 
Processing Aid 5-8 
Titanium Dioxide 34 
Filler 24 
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Further mixing of the PVC compound with the impact modifier and blowing agent was 
carried out in our laboratory using a Fielder dry blender according to the formulations 
given in Table 5.4. Two types of blowing agents (supplied by Schering Industrial 
Chemicals), sodium bicarbonate and azodicarbonamide (Genitron EPQ were used in 
the formulation in the ratio 9: 1. The impact modifier used in this study is the impact 
modifier C supplied by Rohm. and Haas, which was found to have the lowest ductile- 
brittle transition temperature, as reported in Chapter 3. 
Table 5.4: Modifier and Blowing Agent Level in PVC-U Foam Formulation. 
Blend Blowing Agent Impact Modifier 
FF1 0.0 0 
F172 0.0 6 
FF3 2.0 6 
FF4 1.6 6 
FF5 1.2 6 
FF6 0.8 6 
FF7 0.4 6 
F178 2.0 0 
F179 2.0 2 
FFIO 2.0 4 
FF11 2.0 8 
FF12 2.0 10 
Numbers for impact modifier and blowing agent indicates parts per hundred resin (phr) 
in the blends. 
FIF2-FF7 were included to investigate the effect of blowing agent (hence profile 
density), whilst FF3 and FF8-FF12 were based on a constant blowing agent addition 
(2.0 phr) with different modifier levels up to 10 phr. FFI is a control blend with no 
blowing agent or impact modifier. 
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5.3 Experimental Methods 
Various experimental methods have been used in this study and each will be explained 
in turn. 
5.3.1 Dry Blending 
A high speed laboratory mixer (Fielder 8L) was used to blend PVC compound (as 
supplied by EVC) with the blowing agent and impact modifiers. The blending of PVC 
compound with the blowing agent and the impact modifiers was done at a rotor speed 
of 2000 rpm (with no external heating) for about 20 minutes. Before dumping into the 
cooling chamber (Fielder 12L), the speed of the rotor was reduced to 1500 rpm. The 
blend was cooled for 5 minutes before being collected. 
5.3.2 Foam Extrusion 
The foam extrusion was carried out on a Krauss Maffei Twin Screw Extruder type 
KMDL 25. It is a small scale model of a Krauss-Maffei production extruder, technical 
data for the extruder are given in Table 5.5 and a layout is given in Figure 5.1. The 
extruder is an intenneshing contra-rotating, conical screw extruder which, as is usual 
on production extruders, is equipped Mth oil temperature control. A layout of a 
conical twin screw extruder is illustrated in Figure 5.2. 
Table 5.5 Krauss Maffei Twin Screw Extruder Technical Data 
Screw Diameter (mm) 25 at die end and 50 at feed end 
Screw Length (mm) 400 
Screw Speed (rpm) 5.05-50.5 
Maximum Torque (Nm) 5.19 
Maximum Output Capacity (kg/hr) is 
Motor Speed (rpm) 
1 
303-3030 
1 
The dimensions of the profile when departing the die were 3x8 cm leaving the PVC 
to foam free on exiting the die. The sizing unit was made of copper and was placed in 
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front of the cooling unit. A copper plate was loosely fixed on top of the foam profile 
to stabiae it through the cooling unit. Water was used as a cooling agent and the die 
and'shýing/cooling unit were placed veryclo'sed iogether to prevent sagging. 
5.3.3 Conditions and Measurements 
In order to obtain the required temperature profile the following adjustment of setting 
conditions was made, as shown in Table 5.6. 
Table 5.6: Setting and Measured Readings of Twin Screw Extrusion 
Setting Readings CC) Measured Readings CC) 
Step Screw Rear 
Barrel 
Front 
Barrel 
Rear 
Die 
Front 
Die 
Rear 
Barrel 
Front 
Barrel 
Adap 
-tor 
Rear 
Die 
Front 
Die 
1 125 90 157 150 170 140 179 195 180 180 
2 125 90 157 140 170 140 179 195 178 178 
3 125 90 152 140 170 140 174 192 178 178 
4 125 90 152 135 170 140 174 189 168 169 
51 125 90 152 1 
131 
1 
170 140 174 
1 
185 
1 
165 165 
Finally, the temperature in the twin screw-extruder was set up according to the 
parameters given in step number 5. The temperature and screw speed setting 
conditions are shown in Table 5.7. 
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Table 5.7: Setting Conditions for Twin Screw Extrusion 
Temperature (OC) 
Screw 125 
Front barrel 152 
Rear Barrel 90 
Front Die 131 
Rear Die 170 
Speed (rpm) 
Speed of extruder 32 
-Speed of feeder 20 
The measurement taken in the extrusion experiment were: 
Output when haul-off is constant. 
do Temperatures at various locations in the extruder and die (see Figure S. IA) 
o Pressure at the die entry 
Torque 
* Dimensions and weight of the foam profiles 
5.3.4 Overall Profile Density 
The density of the entire extruded foam profile section was measured by cutting 
rectangular sections from a flat portion of the profile. The density is calculated from 
the measurements of weight and dimensions. At least 3 determinations were done for 
each sample. 
5.3.5 Instrumented Failing Weight Impact (IFWI) Testing 
impact testing of the foam profiles was carried out on a Rosand IFWI tester. The test 
parameters are given in Table 5.8 
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Table 5.8: IFWI Test Parameters 
Impact Speed (m/s) 1,2 and 3 
Filter Frequency (kHz) 3 
Mass (kg) 25 
Sweep time (ms) 10 
Temperature ('C) 20,3 0 and 40 
Two'types of sample dimensions were used in this test: 
(1) Samples in the form qf rectangular bars (80 mm long and 10 mm wide) were 
mounted unclamped on two parallel supports with a 60 mrn span length. The impactor 
was similar to the Charpy test. The samples were tested at 20 IC at an impact velocity 
of I nils. 
(2) Samples with dimensions 65 mm. x 65 mm, were clamped on a raised ring of 40 mm 
internal diameter. The impact head was a stainless steel rod with a fixed 10 mm radius 
hemispherical head. The samples were tested at three different temperatures (20,30 
and 40 OC) and at two different impact velocities (2 and 3 m/s). 
The impact velocities are determined from the height which the impactor was dropped. 
The relationship between the impactor height and the impact velocity is shown in 
Table 5.9. 
Table 5.9: Relationship Between Impactor Height and Impact Velocity 
Impactor Height (mm) Impact Velocity (m/s) 
204 2 
459 3 
For each test condition, a minimum of 5 samples was tested. 
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5.3.6 Flexural Testing 
The flexural properties such as the flexural modulus and flexural strength are 
important when considering foamed profiles as substitution for solid profiles and/or 
timber-based products. 
In this experiment, a three-point bending jig is mounted on a Lloyd Tensometer 
(Model 2000R). Flexural modulus and strength can be calculated from the gradient 
and maximum values of the force obtained using ASTM D790M-86. 
Each sample was in the form of a beam of dimensions Ix8 cm, the thickness varied 
from one profile to another. As specified by the standard, the test speed was 2.0 
mm/min and the span between the support bars was 6 cm. The load cell has a capacity 
of 500 N and the range used for most of the tests was 0-100 N. The extension range 
was 040 mm which was enough to observe a first faure of the foam samples. A 
minimum of 5 samples were tested for each test. 
5.3.7 Optical Microscopy 
The purpose of optical microscopy technique in this study is to analyse the thorough- 
thickness cell distribution and cell size distribution. 
To ensure that the cells in the foam structure could be seen, a black solvent-based 
marker pen was used to provide the optical contrast, i. e. across the thickness to be 
analysed. Samples were then left at room temperature for half an hour to dry the ink 
properly and were polished using a hand grinder (Grit P 1200 grinding paper) with 
water cooling. 
The foam structure was observed, under bright field conditions using an optical 
microscope (Nachet NS50) fixed with a 35 mm camera. A magnification of x15 was 
used and exposure 1/8 of a second. 
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5.3.8 Scanning Electron Microscopy 
The purpose of Scanning Electron Microscopy is to study the fracture surface of the 
samples after the impact tests. 
Specimens were cut from the impact fracture samples, mounted on stubs and gold 
coated on an Edwards Pirani Penning model 4A vacuum coater The samples were 
examined on a Stereoscan 360 SEM at a working voltage of 10 kV and at two 
magnifications; xII for low magnification and x 200 for higher magnification. 
5.4 Results 
The readings fi7om the twin screw extrusion trials and the results of the various tests 
and characterisations of the samples are now given in turn. 
5.4.1 Twin Screw Extrusion Output 
The readings taken from the twin screw extruder during the processing are given in 
Table 5.10. Variation of mass pressure (the pressure of the polymer melt at the die 
entrance) with blowing agent and impact modifier content is given in Figures 5.3 and 
5.4 respectively. The results show that the mass pressure for the foamed samples is 
around 25 % higher than for the solid samples (Figure 5.3). A marginal increase of 
mass pressure is observed with increasing impact modifier content (Figure 5.4). 
Figures 5.5 and 5.6 show the variation of torque with blowing agent and impact 
modifier content. The results show that the torque for the foamed samples is around 
10 % higher than for the solid samples (Figure 5.5). It is also observed that torque 
increases steadfly with increasing impact modifier content as shown in Figure 5.6. 
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Table 5.10: Readings From Twin Screw Extrusion - Process Measurements 
Blend Motor 
Loads 
(Amp) 
Mass 
Pre- 
sure 
(MPa) 
Torque 
M 
Adap- 
tor 
Temp. 
CC) 
Rear 
Barrel 
Temp. 
CC) 
Front 
Barrel 
Temp. 
(0c) 
Front 
Die 
Temp. 
(0c) 
Rear 
Die 
Temp. 
CC) 
FFI 0.5 17.93 32 185 140 174 165 165 
FF2 0.5 20.45 38 185 140 174 165 165 
FF3 0.5 25.51 42 185 140 175 165 165 
FF4 0.5 26.20 42 185 140 175 165 165 
FF5 0.5 26.89 42 185 140 175 165 165 
FF6 0.5 26.89 42 185 140 176 165 165 
FF7 0.5 25.51 42 185 140 175 165 165 
FF8 0.5 23.41 40 185 140 174 165 165 
FF9 0.5 23.41 41 185 140 175 165 165 
FFIO 0.5 24.82 42 185 140 175 165 165 
FF11 0.5 24.82 43 185 140 175 165 165 
FF12 0.5 
1 
24.82 
1 
44 
1 
185 140 175 165 165 
Measurements of the extruder output are given in Table 5.11. The results indicate that 
the overall output is relatively constant. The haul-off speed was changed essentially 
because of the vaiiation in foaming level and blowing agent content in the samples. 
The effect of blowing agent content on profile thickness is illustrated in Figure 5.7 
which shows an increase of thickness with increasing blowing agent content. As 
shown in Figure 5.8, the proffle thickness is relatively simflar with the variation of 
impact modifier with the exception sample FF9, which is thinner although the blowing 
agent content is similar. The profile thickness is not only influenced by the blowing 
agent content but also by the haul-off velocity. 
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Table 5.11: Output From Extruder 
Blend Haul-off 
Speed 
(rn/min) 
Mass 
/Length 
Oýglrrk) 
Output 
(kg/min) 
Width 
(Mm) 
Thickness 
(mm) 
Surface 
Quality 
FF1 0.332 0.377 0.125 74.46 3.57 ± 0.05 Smooth 
FF2 0.340 0.376 0.128 75.53 3.53 ± 0.06 Smooth 
FF3 0.540 0.217 0.117 81.68 4.17 ± 0.15 Coarse 
FF4 0.540 0.209 0.113 80.65 3.89 ± 0.22 Fairly 
smooth 
- FF5 0.412 0.282 0.116 77.90 3.74 ± 0.17 Fairly 
Smooth 
FF6 0.412 0.266 0.118 70.65 3.18 ± 0.12 Smooth 
FF7 0.444 0.270 0.120 67.74 3.08 ± 0.13 Smooth 
FF8 0.557 0.210 0.117 79.25 4.23 ± 0.13 Coarse 
FF9 0.641 0.179 0.115 76.61 3.78 ± 0.14 Coarse 
FFIO 0.560 0.209 0.117 81.89 4.12 ± 0.15 Coarse 
FFI 1 0.560 0.208 0.117 82.10 4.09 ± 0.14 Coarse 
FF12 0.556 0.212 0.118 83.76 4.06 ± 0.15 Coarse 
The results from the surface analysis reveal that the surface quality gradually changes 
fforn smooth to coarse as the blowing agents increases (Table 5.12). 
Table 5.12: Variation of Surface Quality with Blowing Agent 
Blowing Agent Content 
(phr) 
Surface Quality 
0.0 Smooth 
0.4 Smooth 
0.8 Smooth 
1.2 Fairly Smooth 
1.6 Fairly Smooth 
2.0 Coarse 
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5.4.2 Profile Density. 
In this study, it is intended to optimise the foamed PVC-U with respect to properties 
such as density, impact resistance and flexural stifffiess. 
The effect of impact modifier content on profile density for foamed samples is shown 
in Table 5.13. The results show that the density remains relatively constant as the 
impact modifier increases. The effect of blowing agent content level on profile density 
is shown in Table 5.14 and Figure 5.9. The results clearly indicate that the density 
decreases with increasing blowing agent content. In view of optimising the overall 
properties, the interesting point to note here is the relatively large drop of density 
values (0.34 g/cm3) as blowing agent content increases from 1.2 to 1.6 phr. It is also 
observed that the drop of density values as the blowing agent content increases from 
1.6 to 2.0 is only 0.06 g/CM3. 
Table 5.13: Effect of Modifier Level on Foamed Profile Density (2.0 phr Blowing 
Agent) 
Impact Modifier Level (phr) Density (g1cm) 
0 0.65 ± 0.01 
2 0.64 ± 0.01 
4 0.64 0.01 
6 0.65 0.01 
8 0.65 0.01 
10 0.64 0.01 
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Table 5.14: Effect of Blowing Agent Level on Impact-Modified Profile Density 
(6 phr Impact Modifier) 
Blowing Agent Level (phr) Density (g/cm) Density Reduction 
0 1.44 ± 0.01 100 
0.4 1.30 ± 0.05 90.3 
0.8 1.23 ± 0.05 85.3 
1.2 1.05 ± 0.03 73.2 
1.6 0.71 ± 0.02 49.5 
2.0 0.65 =b 0.01 45.2 
The effect of impact modifier on solid profile density is similar to the foamed samples 
in which the density remains relatively constant, as shown in Table 5.15. The result 
given in Table 5.16 shows that in the unmodified sample, the addition of 2.0 phr of 
blowing agent decreases the solid profile to around 45% of the original value, which is 
quite similar to the impact-modified sample. 
Table 5.15: Effect of Impact Modifier on Solid Profile Density 
Impact Modifier Level (phr) Density (g/cm) 
0 1.46 A= 0.01 
6 1.44 ± 0.01 
Table 5.16: Effect of Blowing Agent on Unmodified Profile Density 
Blowing Agent Level (phr) Density (g/cii? ) 
0 1.46 ± 0.01 
2.0 
I 
0.65 ± 0.01 
5.4.3 Instrumented Failing Weight Impact (IFWI) Testing 
Two types of instrumented Ming weight impact testing was done; rectangular bar 
flexural mode and flexed plate mode. 
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5.4.3.1 Rectangular Bar Flexural Mode Testing 
IFWI tests not only give the total failure energy during the impact test, but also give 
the values of the maximum forces which initiate the fracture process. The rectangular 
bar flexural mode impact testing was done at 20 T and I m/s and typical graphs 
(force-deflection curve) obtained from the test are shown in Figure S. 10. As shown by 
Figure 5.10(A and B), blend FFI (control blend - without any blowing agent and 
impact modifier) shows a higher maximum force but a shorter deflection between 
maximum force to failure compared to blend FF2 (0.0 phr blowing agent and 6.0 phr 
impact modifier). Figures 5.10 (B-D) show that the maximum force and the total 
deflection decrease as the blowing agent increases from 0.0 to 1.2 and to 1.6 phr 
(samples FF2, FFS and FF4). The force-deflection curve in Figures 5.10 (E-F) show 
an increase in total deflection but a decrease in maximum force with increasing impact 
modifier content (Samples FF8 and FF12) 
The impact strength data determined from the IFWI test in flexural mode are given in 
Figures 5.11 and 5.12. The raw data is given in appendix 5.1, The impact strength is 
calculated by dividing the total failure energy by the cross-sectional area of the 
horizontal bar. 
Figure 5.11 illustrates the effect of impact modifiers on the impact strength for the 
foamed samples (FF2-FF7) and it is interesting to observe that there is an increase of 
impact strength with increasing impact modifier content. The impact strength increases 
gradually from 11.67 U/rný at 0 phr impact modifier content to 13.91 kJ/m2 at 10 phr 
impact modifier content. 
Figure 5.12 illustrates the effect of blowing agent content on the impact strength for 
the impact-modified samples (FF3 and FF8-FF12). It shows that the impact strength 
decreases with increasing blowing agent content. As the blowing agent content 
increases from 0.0 to 0.4 phr, the impact strength decreases sharply by 16.32 U/m 2, 
then remains relatively constant up to 1.2 phr. However, a sharp decrease of about 30 
ki/m2 in impact strength is observed as the blowing agent increases from 1.2 to 1.6 phr 
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before another marginal decrease of 3.1 U/m 2 as the blowing agent increases further to 
2.0 phr. Therefore, it can be seen that the overall drop in impact strength as the 
blowing agent increases from 0 to 2 phr is 47 ki/m2, which is large in comparison to 
the increase of impact strength due to the increase in impact modifier content seen in 
Figure 5.11. 
The effect of impact modifier Content on flexural strength for foamed samples is 
shown in Figure 5.13. The flexural strength is calculated from the maximum force 
values using equation 5.1 given in ASTM D790. 
cys = 3. FmAx. L/2DB 3 (5.1) 
where as is the flexural strength, Fxjxx is the maximum force, L is the length between 
the supports, B is the specimen thickness and D is the specimen width. 
The results show a decrease of flexural strength with increasing impact modifier 
content which indicates a decrease of yield stress values. As the impact modifier 
content increases from 0 to 10 phr, the flexural strength decreases by 5 NVa, which is 
about 16 % decrease. Previously it has been found that impact strength (which is a 
measure of energy absorbed) increases with impact modifier content. 
The effect of blowing agent content on flexural strength for impact-modified samples 
is shown in Figure 5.14. The results indicate that the flexural strength decreases with 
increasing blowing agent content, which is consistent with the results obtained 
previously which also shows that impact strength decreases with increasing blowing 
agent content. As the blowing agent increases from 0 to 2 phr, the flexural'strength 
decreases by 50 NVa, which is about 64 % decrease. 
A number of the samples did not undergo any fracture but exhibited permanent 
bending during the impact testing. The optical micrographs shown in Figures 5.15 (A 
and B) are the typical ffactured and unfractured samples after lFWI test (xio 
magnification). Figure 5.15A shows the fractured FF4 sample and Figure 5.15B 
shows the FF6 sample which has undergone bending. The variation in the number of 
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unfractured samples with blowing agent is illustrated in Table 5.17 which indicates a 
general increase of unfractured samples with decreasing blowing agent levels. From 
these results, it can be deduced that ductility increases with decreasing amount of 
blowing agent content and vice versa. 
Table 5.17 Variation of Unfractured Samples with Blowing Agent Levels. 
Blowing agent 
levels (phr) 
No. of unfractured 
samples 
Total number of 
samples tested 
0.0 3 6 
0.4 3 6 
0.8 2, 6 
1.2 0 6 
1.6 0 6 
2.0 0 6 
A comparison between impact strength and flexural strength of fractured and 
unfractured samples is given Table 5.18. The results show that for the solid samples, 
the impact strength and flexural strength of fractured samples are higher than for the 
unfractured samples. However for the foamed samples, the flexural strength of 
unfractured samples are higher than the fractured samples. The impact strength data 
show no significant trend. 
Table 5.18 Comparison Between Fractured and Unfractured Samples 
Blowing agent 
levels (phr) 
Fractured samples Unfractured samples 
Impact strength 
(U/m) 
Flexural 
Strength (M[Pa) 
Impact strength 
(Uhn) 
Flexural 
Strength (NDa) 
0 60.1 ± 4.4 79.5 ± 2.1 54.1 ± 2.4 78.4 ± 1.5 
0.4 43.7 ± 3.0 63.6 ± 1.2 45.9 ± 3.6 69.3 ± 8.0 
0.8 46.2 ± 3.7 66.2 ± 3.3 43.3 ± 2.8 66.9 ± 3.8 
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The effect of impact modifier on impact strength and flexural strength for solid 
samples is shown in Table 5.19. The results indicates that the impact-modified 
samples have lower values of impact strength and flexural strength than the 
unmodified samples. The results also indicates that three out of six of the impact 
modified samples did not fracture whereas all the unmodified samples fracture. This 
shows that the impact-modified samples are more ductile that the unmodified although 
the impact strength values for the impact-modified is lower., - 
Table 5.19: Effect of Impact Modirier on Impact Strength and Flexural Strength 
for Solid Samples 
Impact Modifier 
Content (phr) 
Impict Strength 
(kj/M2), 
Flexural Strength 
(MPa) 
Number of 
Unfractured Samples 
0 65.6 ± 6.7 96.2± 9.0 0 
6 57.1 ± 4.6 78.9 ± 1.8 3 
The effect of blowing agent on impact strength for the unmodified samples is 
illustrated in Table 5.20. The results indicate that similar to the impact-modified 
samples, the blowing agent also has a large effect on the impact strength and maximum 
force on the unmodified samples. With the addition of 2 phr blowing agent (and 
density reduction of around 45%), the impact strength and the flexural strength 
reduces to one sixth and one third respectively of the original value. 
Table 5.20 Effect of Blowing Agent on Impact Strength and Flexural Strength 
(Unmodiried Samples) 
Blowing Agent 
Level (phr) 
Impact Strength 
(kj/M2) 
Flexural Strength 
NTa 
Number of 
Unfractured Samples 
0.0 65.64 (6.65) 96.24 ± 8.98 0 
2.0 11.67 (0.79) 31.70 ± 0.74 0 
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From the results obtained in this study, the following points can be deduced: 
(1) The impact modifier is succesful in increasing the impact strength of the foamed 
samples. The increase of impact strength as the impact modifier increases from 0 
to 10 phr is 2.24 U/m2i. e. a 20 % increase. 
(2) It was also observed that flexural strength decreases with increasing impact 
modifier content which implies that the most probable reason for the increase in 
impact strength is due to the increase of length of deflection (i. e. absorption of 
greater strain energy) before the samples fractured completely as shown in IFWI 
force-deflection trace (Figure S. 10). 
(3) The impact strength decreases with an increase of blowing agent content (i. e., 
with density reduction). The decrease of impact strength as the blowing agent 
increases from 0.0 to 2.0 phr is 44 kJ/m2 i. e. a 78 % decrease. The results from 
the variation of flexural strength with blowing agent content suggest that the 
decrease of impact strength is due to the decrease of force needed to initiate the 
fracture. As the blowing agent increases from'O to 2 phr, the flexural strength 
decreases by 47 Mpa which is about 68 % decrease. 
(4) The increase of impact strength as the impact modifier increases from 0 to 10 phr 
is 2.24 kJ/m2 (20 % increase). The decrease of impact strength as the blowing 
agent increases from 0.0 to 2.0 phr is 44 W/mý (78 % decrease). Therefore the 
increase of impact strength due to the increase of impact modifier content is 
relatively small compared to the decrease of impact strength due to the increase of 
blowing agent on foaming. 
(5) The sharp decrease of impact strength (around 30 kJ/m2) as the blowing agent 
increases from 1.2 to 1.6 phr is consistent with the sharp drop of profile density 
(0.34 g/cm') as shown in Table 5.14. 
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(6) Impact modification of the solid samples increases the ductility as shown by the 
increase number of unfracture samples. 
(7) The IFNVI test data are from flexed rectangular bar samples where the maximum 
stress is at outer (tensile) surface (Figure 5.16), and therefore properties depend a 
great deal on the structure/density at the surface i. e. the skin. This is because the 
material at the centre (at the neutral axis) is neither extended nor compressed, so 
that the resistance to bending is due to the material above and below the axis, with 
an increasing contribution from material more distant from the axis. 
5.4.3.2 Flexed Plate Impact Testing 
The flexed plate samples were tested under the following conditions: 
Impact Speed Temperature 
1) 3 m/s 20 OC 
2) 2 m/s 30 OC 
3) 3 m/s '3 0T (blends FF3 . FF8 and FF 12) 
4) 3 m/s 40'C (blends FF3, FF8 and FF12) 
The impact strength is calculated by dividing the total failure energy by the thickness 
of the sample, in order to normalise the data (i. e. since samples of varying degrees of 
expansion, hence thickness, were tested) I 
The results of the various conditions of HMI test are now presented in turn: 
(A) Impact Speed 3 m/s and Temperature 20 OC 
Figure 5.17 shows the effect of impact modifier content on the impact strength of 
foamed PVC at 20 T and 3m/s. From Figure 5.17, it is seen that the impact strength 
increases with an increase in impact modifier content. The overall improvement of 
impact strength as the impact modifier content increases from 0 to 10 phr is 0.243 
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JImm, which is around 74 % increase. Figure 5.18 shows a FF12 fractured sample (10 
phr impact modifier and 2 phr blowing agent) which shows that the impactor punched 
a hole through the sample with signs of yielding being observed around the hole. 
The effect of blowing agent content on foamed PVC at 20 'OC and 3m/s is given in 
Figure 5.19 which shows that the impact strength decreases with increasing blowing 
agent content. The results also show that the variation of blowing agent content has a 
greater effect on the values of impact strength compared to the variation ofimpact 
modifier. The overall decrease of impact strength observed, as the blowing agent 
content increases from 0 to 2 phr, is 0.711 J/mm, which is around 60 % reduction. It 
was observed that all the samples failed in brittle mode. Figure 5.20 shows a FF6 
fractured sample (6 phr impact modifier and 0.8 phr blowing agent) which shows that 
the impactor has punched a hole through the sample in which the hole edge is sharper 
(compared to sample FF12 in Figure 5.18) with no signs of yielding around the hole. 
Figure 5.21 illustrates the effect of impact modifier content on maximum force (per 
unit thickness) at 20 T and 3m/s. The results show-that maximum force (per unit 
thickness) increases as the impact modifier content increases from 0 to 6 phr and 
remains relatively constant as the impact modifier increases further to 10 phr. The 
overall increase in maximum force (per unit thickness) is II N/mm, which is about 8% 
increase. 
Figure 5.22 illustrates the effect of blowing agent content on maximum load (per unit 
thickness) at 20 T and 3m/s. It is clear from the results that the maximum load (per 
unit thickness) decreases as the blowing agent content increases, once above a blowing 
agent content of 0.4 phr. A 73 % decrease in maximum force (per unit thickness) i. e. 
371 N/mrn is observed as the blowing agent content increases from 0 to 2 phr. 
(B) Impact Speed 2 m/s and Temperature 30 T 
Figure 5.23 illustrates the effect of impact modifier content on the impact strength of 
foamed PVC-U at 30 T and 2m/s which shows that the impact strength increases with 
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increasing impact modifier content. The increase of impact strength as the impact 
modifier content increases from 0 to 10 phr is 0.26 J/mm. 
The effect of blowing agent content on the impact strength of foamed PVC at 30 'C 
and 2m/s is given in Figure 5.24 which shows a general decrease of impact strength 
with the increase of blowing agent content. Initially the impact strength increases from 
1.6 J/mrn to 2.6 J/mrn as the blowing agent content increases from 0.0 to 0.4 phr. The 
overall decrease of impact strength with a2 phr increase of blowing agent content is 
1.16 J/mm. 
Figure 5.25 illustrates the effect of impact modifier content level on maximum force 
(per unit thickness) at 30 OC and 2m/s. The result shows a marginal increase of 
maximum force (per unit thickness) as the impact modifier content increases from 0 to 
10 phr. The overall increase is only II N/mm. 
Figure 5.26 illustrates the effect of blowing agent content level on maximum force (per 
unit thickness) at 30 T and 2 m/s which shows that the maximum force (per unit 
thickness) decreases as the blowing agent content increases. Initially the maximum 
force per unit thickness increases as the blowing agent content increases from 0.0 to 
0.4 phr. The overall decrease of maximum force (per unit thickness) due to the 
increase of blowing agent content from 0 to 2 phr is 372 N/mm. ,, " 
All the samples from FF7 and FF2 show a complete brittle mode of fAure by 
shattering into 2 pieces during the impact under this condition as shown in Figure 
5.27. The cause of this shattering is due to the high yield stress as can be seen by the 
ma)dmum force values shown in Figure 5.26. 
(C) Effect of Temperature and Impact Velocity 
In order to study the effects of temperature and impact velocity on impact strength and 
maximum force, samples from blends FF8, FF3 and FF12 were also tested at an impact 
speed 3 m/s at both 30 and 40 
OC. 
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Figure 5.28 shows'the variation of impact strength with temperature for foamed 
samples FF3, FF8 and FF12. All the three samples contain 2 phr blowing agent but 
differ in impact modifier content. The results indicate that as the temperature 
increases, the impact strength increases for all the three samples. An interesting point 
to observe is that at higher temperature the difference between the impact strength of 
samples containing 10 and 0 phr impact modifier widens. The increase of impact 
strength due to the increase of temperature from 20 to 40 T is 0.168 J/mm. and 0.303 
i1mm for samples FF8 (0 phr impact modifier content) and FF12 (10 phr impact 
modifier content) respectively. It was observed that signs of yielding around the the 
hole increases for all samples increases as temperature increase. 
The variation of maximum force (per unit thickness) with temperature is illustrated by 
Figure 5.29. The result shows a relatively small increase of maximum force (per unit 
thickness) with temperature for all the samples. The increase of maximum force (per 
unit thickness) for FF8 and FF12 due to the increase in temperature from 20 to 40 
is only around 7 N/mm, which is about 5 %. 
Table 5.21 shows the variation of impact strength and maximum force per unit 
thickness with impact velocity, for samples containing 0,6 and 10 phr impact modifier. 
The results indicate that the impact strength and maximum force remains relatively 
constant as the impact velocity increases from 2 to 3 nVs. The only significant decrease 
is observed for sample FF12 (containing 10 phr impact modifier) which decreases from 
0.660 to 0.581 as the impact velocity increases from 2 to 3 m/s. 
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Table 5.21: Variation of Impact Strength and Maximum Force ffNtýtx) with 
Impact Velocity (Temperature 30 T and Blowing Agent 2 phr) 
0 phr impact modifier 6 phr impact modifier 10 phr impact modifier 
Impact Impact FmAx per Impact FILsx per Impact Fmxx per 
Velocity Strength unit Strength - unit Strength unit 
ýM/s) (J/MM) thickness (J/MM) thickness Q/mm) thickness 
(N/mm) (N/nun) (N/mm) 
2 0.420 133.28 0.500 134.98 0.660 144.56 
(0.070) (9.45) (0.050) (5.69) (0.100) (7.05) 
3 0.400 
. 
122.87 0.538 141.78 0.581 139.07 
(0.079) (9.47) (0.095) (9.49) (0.087) (9.82) 
The following points can be noted from the results obtained in this IFWI test under 
flexed plate mode. 
1) The most important result is that the acrylate impact modifier increases the impact 
strength of the flexed plate foam samples. At an impact velocity of 3 m/s and at 
20 T, a 0.243 J/mm (74 %) increase in impact strength is observed as the impact 
modifier content increases from 0 to 10 phr. At an impact velocity of 2 M/s and 
at 30 *C, the increase in impact strength is 0.260 J/mrn (62%) for a similar 
increase in impact modifier content. 
2) The results also show that the variation of blowing agent content (hence foam 
density) has a greater effect on the values of impact strength compared to the 
variation in impact modifier, with a sharp decline in impact energy being observed 
as density decreases. At an impact velocity of 3 m/s and at 20 T, 0.711 J/mrn 
(60%) decrease in impact strength is observed as the blowing agent content 
increases from 0 to 2 phr. At an impact velocity of 2 m/s and at 30 OC, the 
decrease of impact strength is 1.16 J/mm (70%) for a similar increase of blowing 
agent content. 
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3) In general, the overall results show that the impact strength values obtained at test 
conditions of 30 T and 2 m/s are higher than the values obtained at 20 T and 3 
nils, showing more energy is absorbed at higher temperature/lower velocity. 
4) The decrease in impact strength with an increase of blowing agent content can be 
attributed to the decrease in maximum force. At an impact velocity of 3 m/s and 
at 20 OC, 371 N/mm (73%) decrease in maximum force is observed as the blowing 
agent content increases from 0 to 2 phr. At impact velocity 2 m/s and 30 OC, the 
decrease of maximum force is 372 N/mrn (74%) for similar increase of blowing 
agent content. It was observed that all the samples f"ed in brittle mode. 
5) The increase in impact strength with the increase of impact modifier content 
cannot be due to the increase of maximum force. At an impact velocity of 3 m/s 
at 20 T, II N/mm (8%) increase in impact strength is observed as the impact 
modifier content increases from 0 to 10 phr. The reason for the increase in failure 
energy is the increase of the length of deflection of the sample before fracture 
resulting more energy being absorbed (as shown by the force-deflection trace in 
Figure 5.10) 
6) As the temperature increases, the difference between the impact strength values of 
the impact-modified and the unmodified samples widens. 
5.4.4 Flexural Testing 
The variation of flexural modulus with impact modifier content for the foamed samples 
at 20 'C and crosshead speed 2 mm/min is shown in Figure 5.30. The results indicate 
a decrease of flexural modulus with increasing impact modifier content. As the impact 
modifier content increase from 0 to 10 phr, the flexural modulus decreases from 986.6 
to 769.5 NWa, a decrease of 22%. 
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The variation of flexural modulus with blowing agent content under the same test 
conditions is'illustrated in Figure 5.3 1. From the results, it is noted that flexural 
modulus decreases with increasing blowing agent content, an effect which is quite 
marked. As the blowing agent content increases from 0 to 2 phr, the flexural modulus 
decreases from 2670 to 845 NVa, a decrease of 68%. 
The variation of flexural strength with impact modifier content level at 20 "C and 
crosshead 2 mm/min is sho, ývm in. Figure 5.32. The results indicate a 17 % decrease of 
flexural strength (i. e. from 21.07 to 17.44 NPa) when the impact modifier content 
increases from 0 to 10 phr. 
Figure 5.33 shows the variation of flexural strength with blowing agent content level 
at 20 T and crosshead speed 2 mm/min. It has been found that flexural strength also 
decreases with increasing blowing agent content. Similar to the flexural modulus, the 
decrease of flexural strength as the bloiving agent content increases is relativelY large. 
As the blowing agent content increases from 0 to 2 phr, the flexural strength decreases 
ftom 60.39 to 18.54 M[Pa. 
For solid PVC-U, the effect of impact modifier on flexural strength and flexural 
modulus is shown in Table 5.22. The results indicate that after impact modification, 
the flexural modulus and flexural strength reduce by more than 20 % of the original 
values. 
Table 5.22: Effect of Impact Modiflcation on Flexural Modulus and Strength 
(Solid Samples) 
Impact modifier Levels (phr) Flexural Modulus (M[Pa) Flexural Strength 
(Wa) 
0 3279(231) . 76.48 (2.00) 
6 2669(132) 60.39 (3.12) 
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The effect of blowing agent on flexural strength and flexural modulus for unmodified 
samples is shown in Table 5.23. , The results indicate that the flexural modulus and 
flexural strength of the solid samples are more than 3 times higher than the foamed 
samples. 
Table 5.23: Effect of Foaming, on Flexural Modulus and Strength (Unmodiried 
Samples) 
Blowing agent (phr) Flexural Modulus (MPa) Flexural Strength (MPa) 
0.0 3279(231) 76.48 (2.00) 
2.0 987(29) 21.07 (0.50) 
5.4.5 Density Effect on Mechanical Properties 
Density reduction is an important factor which influences the mechanical properties of 
foamed PVC-U. The effect of density on impact and flexural properties will now be 
shown. 
5.4.5.1 Effect of Density on Impact Properties 
The variation of impact strength with density for the IFWI tests (at various conditions) 
referred to previously, are given in Figures 5.34 and 5.35, which show that the impact 
strength decreases with density for all testing conditions. For the flexed plate samples 
(tested at 3 m/s and 20 'C), shown in Figure 5.34 a density of 45 % (due to the 
blowing agent content increase from 0 to 2 phr) results in an impact strength reduction 
to around 40% of the original value. In the case of flexed beam samples (tested at 
Imls and 20 *Q shown in Figure 5.35, a density of 45 % results in an impact strength 
reduction to 22% of the original value. The result seems to show that the impact 
strength reduction differs between one testing condition and another. 
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Figure 5.36 show the effect of density on the maximum force needed to initiate the 
fracture during the impact test for the flexed plate samples. For samples tested at 3 
rn/s and 20 *C), a density of 45 % results in a maximum force reduction to around 
40% of the original value. In the case of rectangular bar samples (tested at lm/s and 
20 OC) shown in Figure 5.37, a density of 45 % results in a flexural strength reduction 
to around 25% of the original value. 
The results show that both the maximum force and impact strength decrease with 
density. This suggests that the decrease of impact strength with decreasing density is 
due to the decrease of maximum force needed to initiate the fracture during impact. 
Some researchers have proposed empirical relationships to describe the impact 
characteristics related to a measured material characteristic such as density (7,9,10). 
So far no relationship is satisfactory due to the complex nature of foam, i. e. density 
profile and skin thickness. 
The proposed relationship between the impact strength and the density is given by: 
(USS /USF) 2-- (PS IPFY (5.2) 
where USs = the impact strength of the solid material, USF = the impact strength of 
the foamed material, ps = density of solid material, PF = density of foam material and x 
= power factor. 
(. 
In the present study, various values of power factor, x, were tested to study the 
possible relationships between the density and the impact strength for the different test 
conditions. The results from the analysis of the impact test data from impact tests 
condition previously mentioned are now given. 
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(A) Flexed Plate at 3 m/s and 20 T' 
From Figure 5.38 and Table 5.24, it can be seen that the most probable relationship 
relating the impact strength and density for flexed plate (at 3 m/s and 20 *C) is given 
by: 
(USS /USF) -2 (PS/ PF) 
1.2 (5.3) 
Table 5.24: Comparison Between Experimental and Predicted Impact Strength 
Values. (Flexed Plate at 3 m/s and 20 OC for Samples FF3-FF7) 
PF ' 
(g/CM3) 
(PF / PS) 
Ratios 
E4erimental 
values 
Predicted values from - 
equations for 1.0:! g x::!. ' 1.4 Q/mm) 
(J/MM) 1.0 1.2 1.4 
1.299 0.903 1.270 1.072 1.051 1.030 
1.227 0.853 0.952 1.013 0.981 0.951, 
1.053 0.732 0.822 0.869 0.817 0.767 
0.712 0.495 0.589 0.588 0.511 0.444 
0.651 0.453 0.476 0.537 0.459 0.391 
(B) Flexed Plate at 2 m/s and 30 *C 
From Figure 5.39 and Table 5.25, it can be seen that the most probable relationship 
relating the impact strength and density for flexed plate (at 3 m/s and 20 *Q is given 
by: 
(USS/USF) --"ý (PS/PF) 
1.5 (5.4) 
281 
Chapter 5 Frce-Foamed PVC-U 
Table 5.25: Comparison Between Experimental and Predicted Impact Strength 
Values (Rectangular Bar Samples at 2 m/s and 30 
PF (g/CM3) (PF / PS) 
Ratios 
Experi- 
mental 
Predicted values from 
equations for 1.3 -:! g x 1.6 (J/mm) 
Values (J/nun) 1.3 1.5 1.6 
1.299 0.903 2.590 1.451 1.422 1.407 
1.227 0.853 1.200 1.347 1.305 1.285 
1.053 0.732 1.000 1.104 1.038 1.006 
0.712 0.495 0.650 0.664 0.577 0.538 
0.651 0.453 0.500 
1 
0.591 
1 
0.504 
1 
0.466 
Rectangular Bar Samples at I m/s and 20 T 
Figure 5.40 and Table 5.26 suggest that for IFWI under flexural mode (at I m/s and 
20 T), from equation 5.1, power factor (x) = 1.9 is the best in fitting the mathematical 
model with the experimental result. The equation is given as : 
USS/USF)'«"ý (PS/ PF) 
1.9 (5.5) 
Table 5.26: Comparison Between Experimental and Predicted Impact Strength 
Values (Flexural Beam at I m/s and 20 0C for Samples FF3-FF7) 
PF 
(g/CM3) 
(PF / PS) 
Ratios 
Experimental 
Values 
Predicted values from 
equations for 1.7: 5 x: 5 2.1 (U/n? ) 
(kYrn) 1.7 1.9 2.1 
0.651 0.903 13.09 15.61 13.32 11.37 
0.712 0.853 16.19 18.18 15.79 13.72 
1.053 0.732 47.18 35.36 33.21 31.21 
1.227 0.495 46.20 45.85 44.41 43.03 
1.299 1 0.453 43.73 50.52 49.50 48.51 
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5.4.5.2 Effect of Density on Flexural Properties 
The variation of flexural modulus with profile density is given is Table 5.27 which 
indicates the flexural modulus increases with increasing density. A considerable 
number of theoretical and empirical models have been proposed to predict the stifffiess 
properties of uniform-density foams (10). Based upon limited experimental data for 
thermoplastic foams, Progelhof and Throne (10) have concluded'the "density squared 
relationship" adequately describes the Young's modulus of a uniform density 
thermoplastic foam for the basis engineering design calculations. The density squared 
relationship is given by: 
(Es / EF) -'ý (PS PF) 
2 
where Es = the flexural modulus of the solid material, EF= the flexural modulus of the 
foamed material, ps = density of solid material, pF= density of foam material and x= 
power factor 
It is intended in this study to establish the relationship between the flexural modulus 
and the density using the equation (5.7) given below. 
(Es / EF) ý (PS IPFY 
where x= power factor. 
(5.7) 
Various values of x were used to fit the experimental values with the predicted values 
from the equation 5.7. The comparison between experimental and predicted values is 
given in Table 5.27 and Figure 5.41. From Figure 5.41, it can be seen that the most 
probable relationship between the flexural modulus and density for PVC-U foam is 
given by: 
(Es/ Er) = (ps /pr)'*8 (5.8) 
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Table 5.27: Comparison Between Experimental and Predicted Flexural Modulus 
Values (Samples FF3-FF7) 
PF (g/CM3) (PF / PS) 
Ratios 
Experimental 
Values 
Predicted values from 
equations for 1.4 < x: 5 2.0 (Wa) 
(Mpa) 1.4 1.8 2.0 
0.651 0.903 845 880 641 547 
0.712 0.853 892 998 753 655 
1.053 0.732 1343 1726 1524 1432 
1.227 0.495 2006 2138 2007 1944 
1.299 0.453 2008 
1 
2179 2224 2179 
5.4.6 Effect of Thickness Power Factor (x) on Impact Strength 
The study on the effect impact modifier on impact strength (flexed plates at 2 m/s and 
30 'C) shows unexpected low values for sample FF9. The thickness values of FF9 
samples (3.78 mm) are lower than the other samples with similar blowing agent 
content (FF3, FF8 -FF12), which ranges from around 4.00 to 4.20 mm. The values of 
impact strength are originally normalised by dividing with (sample thickness)x where 
value x =1 is used. It was indicated by Turner ef at (12) that other values of power 
index (x) are more suitable for normalising the impact strength values. Therefore, as a 
comparison the impact strength is normalised by dividing the fýilure energy by: 
(i) (sample thickness)' 
(sample thickness) 1.5 
(iii) (sample tMckness) 
Figure 5.42 shows that as the power index (x). increases, the difference between 
impact strength values of FF8 and FF9 becomes smaller. 
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5.4.7 Foam Structure Analysis 
5.4.7.1 Optical Microscopy 
Figures 5.43 (A - F) are optical micrographs of the foam samples for blends FF2 to 
FF7 respectively. The cells can be clearly seen as the dark areas in contrast to the 
white area which is the PVC matrix. The dark area is due to the ink deposited in cells 
formed as the results of the foaming process. 
The variation of PVC fraction (and thus the density) thorough the thickness of samples 
FF3-FF7 -obtained from the image analysis are given in Figures 5.44 (A-E). In this 
study, the profile thickness is divided into 7 sections, and the fraction occupied by the 
cells is calculated by dividing the area occupied by the cells over the total area. The 
PVC fraction can be calculated from the fraction occupied by the cells. 
The results show that the areas occupied by the cells are not equally distributed 
throughout the thickness of the -foam profiles, resulting in an irregular density 
distribution. This is expected for the free-foaming process, unlike controlled foam 
PVC which has lowest density in the middle of the profile. The results also show that 
as expected, the percentage area occupied by the cells (at maximum and minimum 
density) decreases with increasing blowing agent content: For sample FF3 (2 phr 
blowing agent content), the percentage area occupied by the cells varies between 40% 
(at the minimum density) to 15% (at the maximum density). Sample FF7 (0.4 phr 
blowing agent content) show values of 20% at the minimum density and 12% at the 
maximum density. 
The variation of the number of cells with density reduction is illustrated in Figure 5.45. 
The calculation of the number of cells are based on an area of 2 mm' and shows this 
shows that the number of cells increases as the density reduces. Therefore, it can be 
deduced that reduction of density with increasing blowing agent content is not due to 
increase in cell size but rather due to the increase in cell number. 
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The cells size distributions for samples FF3-FF7 are given in Figure 5.46 and the 
following points can be noted: 
1) The cells are not equal in size but range between 0.001 mm 2 to slightly more than 
0.050 MM2 in area. However, around 70% of cells area are between 0.002 and 
0.02 nim 
As the blowing agent content increases, the -percentage number of relatively large 
cells (i. e. more than 0.040 mm2 in area) decreases. 
5.4.7.2 Scanning Electron Microscopy 
Figures 5.47(A-B) show the scanning electron micrographs (magnification xI 1) of the 
fracture surfaces for samples FF6 to FF8 and FF12 impact tested at I m/s and 20 T. 
The micrographs show that the cells are not, evenly distributed throughout the 
thickness of the profile which confirm our earlier findings on cells distribution using 
the optical microscopy and image analyser. 
Figures 5.48 (A-B) show the scanning electron micrographs at higher magnification 
(x2OO) of the fracture surfaces for samples FF12 and FF8. The micrographs show that 
some of the cell walls collapse and the cells merge which may be due to the effect of 
the impact test. 
5.5 Discussion 
Flexural stiffhess and impact strength are the two most important mechanical 
properties of foamed PVC-U with regard to its application. The principal advantages 
of structural foams compared to solid thermoplastics is their high stiffness to weight 
ratio. The stiffhess per unit weight of a foam profile is higher than for a solid profile 
and therefore this is an important property when considering foam profiles as a 
substitution for solid profiles, or for other materials such as timber. This quality often 
enables them to compete with metals in some applications, where limited weight is 
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critical and with wood when total fabrication cost are taken into account. However, 
the impact strength and toughness of a foamed polymer are usually lower than for the 
solid counterpart material due to the lower density and stress concentrations caused by 
the cellular structure. 
The results from Chapter I have shown that a large improvement of impact strength 
can be achieved in -solid PVC-U by using core-shell type acrylate impact modifiers. 
The present study is an attempt to use the same type of impact modifier to improve the 
impact properties of foamed PVC-U. Profile density (degree of foaming) was also 
included as an experimental variable, since it was felt that the mechanism of impact 
modification may depend upon the stress systems associated with both the acrylate 
rubber particles, and also the stress concentrating effects of the cells. 
The results obtained from the IFWI test in the present study also show that acrylate 
impact modifier has the potential to improve the impact strength of foamed PVC. U. 
The results from NWI test show a 20% increase of impact strength values i. e. 2.24 
kJ/m2(fbr horizontal bar samples) and a 74% increase i. e. 0.243 J/mm (for flexed plate 
samples at 3 m/s and 20 *Q as the impact modifier content increases from 0 to 10 phr. 
Therefore, impact-modification of foamed PVC-U is an advantage because of its 
potential of having higher impact strength at a lower density., Furthermore, since 
polymers are designed on a volumetric basis, the use of low density material is also 
advantage from an economic view point. However, the results from the present study 
also indicate that in foamed PVC-U samples, the increase in impact strength due to the 
increase in impact modifier content is only marginal compared to the decrease of 
impact strength due to the increase of blowing agent content (and thus decrease in 
density). The reason for the decrease of impact strength with decrease in density is 
due to the decrease of force needed to initiate the fracture. Further optimisation work 
with respect to density reduction and impact strength enhancement need to be done 
especially at blowing agent content lower than 2.0 phr. 
The decrease of impact energy and flexural modulus with the decrease in, density 
obtained from the present study is in agreement with the results obtained by Ahmadi 
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and Hornsby (10) who studied the influence of processing conditions on structure and 
properties of polypropylene foam. An instrumented falling weight impact (IFWI) 
machine was used to test the polypropylene structural foam specimens which are in the 
form of bars. As with the flexural modulus of polypropylene structural foam, density 
has a profound effect on faing weight impact strength, as shown in Figure 5.49 (10). 
It can be seen that compared with solid polypropylene the overall impact energy to 
failure falls significantly with decreasing moulding density, although the crack initiation 
energy shows a noticeable but much less significant decline. Two -reasons were 
attributed to the influence of density on impact strength (10): 
(1) Microbubbles' often distributed throughout the dense outer skin of low density 
structural foams mouldings may also act as points of stress concentration and 
hence crack initiation. 
(2) Lowering the density of the structural foam mouldings will also reduce the skin to 
thickness ratio. 
The data from the IFWI tests for the horizontal PVC bars from the present study also 
show that impact modification of solid samples increases the ductility of the samples. 
This is shown by the increase of the number of unfractured samples due to the impact 
modification (Table 5.17). Although the ductility of the samples increases due to the 
impact modification, the impact strength of impact-modified samples, is found to be 
lower than the unmodified. The reason for this can be seen from the force-extension 
traces of the two samples (Figure 5.10 A-B). The force-extension traces show that the 
decrease of impact strength in impact-modified samples is due to the decrease of force 
needed to initiate the fracture. However, the length of deflection for the impact- 
modified samples is seen to be higher than the unmodified resulting in more more 
strain energy being absorbed before the fracture completes. 
The results obtained from the flexural test in the present study also show that flexural 
modulus decreases with decreasing profile density (as a result of increasing blowing 
agent content). A similar result was also obtained by Ahmadi and Hornsby (IS) which 
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demonstrates that the- flexural modulus of 10 mm thick foamed polypropylene bar 
declined with decreasing density. 
Another significant result obtained from the flexural test in the present study is that the 
acrylate impact modifier decreases the flexural modulus of foamed PVC. The decrease 
of flexural modulus with increasing impact modifier content is a disadvantage because 
it will reduce the stiffness to weight ratio of the structural foams. As mentioned 
earlier, the stifffiess per unit weight of a foam profile is an important parameter when 
considering foam profiles as a substitution for solid profiles. 
The impact modification of foamed PVC-U is an advantage only if the criteria below 
can be fulfilled: 
Significant improvement in impact strength to overcome brittleness due to 
foaming. 
(2) The reduction of stiffhess/weight ratio due to impact modification is not significant 
to outweigh the high stiffness/weight ratio advantage in structural foams. 
On the first point, it is found that within the range of study, the overall result shows 
that the increase of impact strength due to the increase of impact, modifier level is 
relatively smaH compared to the decrease of impact strength due to density reduction. 
In the present study the effect of impact modifier level on impact strength was done on 
samples containing 2 phr blowing agent. To exactly, determine the optimum 
formulation with respect to density and impact strength, the study on the variation of 
impact strength with impact modifier content should also be conducted at other levels 
of blowing agent. 
Nevertheless, three samples i. e. FF3, FF4 and FF12 are now compared to determine 
whether significant improvement in impact strength of the foamed samples can be 
achieved to overcome brittleness due to foaming. The impact properties and the 
content of the blends FF3, FF4 and FF12 are illustrated in Table 5.28. 
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Table 5.28: Effect of Blowing Agent and Impact Modifier Levels on Impact 
Strength 
Impact Strength (J/mm) 
Blend Blowing Impact Density Flexed Flexed Flexed 
Agent Modifier (g/CM3) plate plate Beam 
Level Level (2 m/s and (3 m/s and (I m/s and 
(phr) (phr) 30'C) 20 'C) 20 T) 
(J/mm) (J/mm) (Umm) 
FF4 1.6 6 0.71 0.650 0.589 16.19 
F173 2.0 6 0.65 0.500 0.476 13.09 
FF12 
1 
2.0 
1 
10 
-I 
0.64 
-- I 
0.660 0.573 
I 
13.91 
I 
For the flexed plate impact tests at 30 OC and 2 m/s, the results obtained showed that 
the impact strength decreases from 0.650 to 0.500 J/mm. as the density decreases from 
0.71 to 0.65 g/cm. However as the impact modifier content level increases from 6 to 
10 phr, the impact strength increases from 0.500 to 0.660 J/mm. This shows that the 
addition of 4 phr of impact modifier is successful in compensating the decrease of 
impact strength due to 0.06 g/cm3reduction of density (as a result of an . extra 0.4 phr 
blowing agent). A relatively similar result was also obtained for the IFWI test at 20 OC 
and 3 ni/s. 
However for the flexed beam test, it was found out that the extra 4 phr impact 
modifier is not successful in compensating the decrease of impact strength due to the 
reduction of density caused by fbamýing. The result shows that sample FF4 with 
density of 0.71 g/cm3has a higher impact strength than sample FF12 with density 0.65 
g/cm' although it has additional 4 phr impact modifier. 
However, it is important to mention here that the mechanism by which the impact 
modifier toughens the foamed PVC-U differs from the increase of impact strength due 
to the decrease in density. The results on the effect of impact modifier previously 
mentioned (in section 5.4.3) did not suggest that the increase of impact strength is due 
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to the increase of maximum force. The increase of impact strength is then due to the 
increase of deflection before fracture as a result of yielding in the material. 
On the second point i. e. whether impact modification has a significant reduction on 
stiffness per unit weight, the stiffness per unit weight was determined as a function of 
blowing agent and impact modifier content. Tables 5.29 and 5.30 show the equivalent 
thickness, amount of material saved and stiffness per unit weight as a function of 
blowing agent and impact modifier content level respectively. The theory and 
equations used for the calculation are in Appendix 5.5. 
From the results, the following observations are made, with respect to foamed PVC- 
U: 
1. The equivalent thickness (the thickness of foamed beam which gives'the same 
stfffness as the solid beam), the amount of material saved, and the stiffness per unit 
weight all increase with decreasing density. 
2. The equivalent thickness, the amount of material saved, and the stiffhess per unit 
weight all decrease with increasing impact modifier content. However, the 
decreases are relatively small and are thus not very significant in comparison to the 
equivalent changes when foam density is changed. 
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Table 5.29: Effect of, Blowing Agent Content on Equivalent Thickness, Material 
Saved and Stiffness Ratio (Impact Modifier Content 6 phr) 
Blowing 
Agent 
(phr) 
Density 
(g/cm) 
Flexural 
Modulus 
(Mpa) 
Equivalent 
"fbickness 
Material 
Saved 
(Equivalent 
Stiffness) 
Stiffness/ 
Weight 
(Equivalent 
Mass) 
2 0.644 845 1.4667 
,. 
34.52 1.527 
1.6 0.710 892 1.4405 28.70 1.403 
1.2 1.025 1343 1.2570 10.59 1.118 
0.8 1.224 2006 1.0998 6.44 1.069 
0.4 1.290 2008 1.0994 1.10 1.011" 
Table 5.30: Effect of Impact Modifier Content on Equivalent Thickness, 
Material Saved and Stiffness Ratio (Blowing Agent 2 phr) 
Impact 
Modifier 
(phr) 
Density 
(g/cm) 
Flexural 
Modulus 
(MPa) 
Equivalent 
Thickness 
Material 
Saved (1/o) 
Stiffness/ 
Weight 
10 0.645 769.5 1.513 32.26 1.476 
8 0.640 793.7 1.498 33.37 1.501 
6 0.651 845.4 1.466 33.43 1.502 
4 0.643 854.9 1.461 35.00 1.538 
2 0.639 961.5 1.405 37.49 1.600 
0 0.654 986.6 1.393 37.35 1.596 
From the present study, equations that relate the impact strength with sample density, 
for each conditions of HMI, test have been proposed and are given in Table 5.3 1. For 
the flexed plate, impact strength (US) is calculated by dividing impact failure energy 
(U) with thickness. The impact strength for flexed beam is calculated by dividing 
impact failure energy with area. 
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Table 5.31: Equations Describing the Impact Strength of PVC-U Foam 
IFWI Test Condition Equation 
Flexed Plate at 3nVs and 20 T (USS IUSIV) = (PS / PF) 
1.2 
Flexed Plate at 2m/s and 30T (USS /USF) = (PS / PF)1*5 
Flexed Beam at I rn/s and 20 T (USS /USF) = (PS / PF) 1*9 
Few studies have been reported on the attempts to establish relationships between the 
impact strength and sample density. However, there is at present no theoretical or 
empirical relationship that will adequately describe the impact characteristic of 
thermoplastics structural foams made by various manufacturing routes. For brittle 
unfoamed polymers, such as general purpose polystyrene, Throne (9) found out that 
the impact failure energy is proportional to the fourth power of density. If the beam 
deflects at failure to the same degree regardless of the thickness, the impact failure 
energy should be proportional to the moment of inertia (7). Thus, the relationship 
impact failure energy and density becomes: 
US, V F= (PS/ PF) 
4 MS/B F) 
3 (5.9) 
where U is the impact failure energy and B is the thickness. 
According to Progelhof and Throne (7), the greatest error in equation (5.9) is the 
absence of relative effects of skin thickness and density profile on skin thickness. 
In another study on the impact performance of several high-density thermoplastics 
foams (polyphenylene oxide, polycarbonate and polystyrene), Throne el at (16) 
proposed that a good correlation between reduced density and failure energy can be 
obtained with equation S. 10: 
S/UF = 
(PS/ PF) 
4 MSAB F) 
2 (5.10) 
293 
Chapter 5 Free-Foamed PVC-U 
In another study, Ahmadi and Hornsby (15) have demonstrated that failure energy (M 
of structural foam polypropylene may be predicted from a knowledge of the test 
sample density and thickness, using an empirical equation of the form: 
US/Tj F= (PS / PF)3 (BS/BF) (5.11) 
The relationship for the flexural modulus obtained from the present study is given by 
equation 5.8: 
(Es/EF) = (ps/pF)1-8. (5.8) 
The equation is quite similar to the square law relationship suggested by Progelhof and 
Throne which is given by equation 5.6 (11). Another similar empirical model was 
obtained by Ahmadi (17) which predicts that the modulus of structural foam is related 
to that solid material by density ratio to the power 1.8, which is exactly the same as 
what is being proposed from the present study for PVC. 
For the flexed plate samples, impact strength is normahsed by dividing the impact 
failure energy with (sample thicknessf When the impact strength values are divided 
by (sample thickness)', the results show that FF9 samples (which'contains 2 phr 
impact modifier) have lower impact strength values than FF8 (which do not contain 
any impact modifier). Although FF9 and FF8 samples have similar blowing agent 
content, FF9 samples are thinner due to the higher haul-off velocity,. It was shown in 
Figure 5.35 that if the failure energy is divided by (sample thickness) 2 the impact 
strength values of both samples are relatively similar. From this, it can be deduced that 
it is possible that under the testing condition used, a power law value higher than I is 
more suitable to normalised the values of impact strength. 
According to Turner et al. (12), in the case of solid plastics, quantitative allowance for 
thickness differences can be made for flexed beams with a reasonable degree of 
confidence but not so for flexed plates because the formulae do not accurately 
embrace the effects of membrane stresses, effective area of loading, edge constraints, 
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etc. Therefore one has to resort to empiricism. One comprehensive study suggested 
that impact energy was roughly proportional to thickness to the power 1.5 for several 
different polymers (13). There was subsequent independent evidence to support that 
conclusion and other evidence that called it into question (14). So, the issue remains 
unresolved for solid plastics. In the foamed plastics - (in which the density varies 
through thickness), it is even more difficult to conclude on the most suitable power 
factor sample thickness to normalise the impact strength values. 
The optical microscopy and image analysis studies from the present research show that 
the area occupied by the cells is not equally distributed throughout the thickness, 
resulting in irregular density distribution. A similar result was obtained by Argarwal 
(18) on his study on free foamed PVC. The result from the present study also shows 
that reduction of density with increasing blowing agent content is due to an increase in 
number of cells and not in increase in cell size. It was also found that the cells are not 
equal in size and around 70 % of the cells size range between 0.002 and 0.02 rnrrý in 
area. The results also show that as the blowing agent - increases, the percentage 
number of relatively large cells (i. e. more than 0.040 MM2 in area) decreases. A similar 
result was also obtained by Thomas et al. (6) in their study on the effect of extrusion 
temperature on the density and morphology of foamed PVC-U. They investigated the 
relationship between the number of cells and cell size distribution and noted that 
samples with a large number of cells tended to have a high concentration of fine cells, 
whereas samples with fewer cells had an overall coarser structure. Hence, it was 
deduced that the total cell number indirectly takes the cell area into account. 
The effect of cell size distribution on impact properties has been studied by Ahmadi 
and Hornsby (10). From their study, it was shown that cell size distribution can 
influence the failure mechanism of samples subjected to failing weight impact tests. 
Two moulded plaques of equivalent density but considerably different cell size 
distribution were used. It was found that although the impact energies to cause failure 
of these materials are very similar, crack propagation through the fine celled sample is 
much more localised and concentrated around the hitting point of the impactor. 
Structures of this type tend to have less variable impact properties. 
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From the TEM and image analysis study reported in Chapter 1, it was shown that the 
size of the rubber particles is around 0.3pm (3 x 10-4 mm) in diameter, From the 
results in the present chapter, in most samples the size of the cells size are found to be 
at least 2x 10-3 MM2 in area or around 5x 10-2 mm in diameter. It can therefore be 
seen that the diameter of the cells is nearly 170 times bigger than the rubber particles. 
A rough illustration of the distribution and relative sizes of the rubber and cells is given 
in Figure 5.50. Due to the smallness of the size, the acrylate rubber particles can easily 
be distributed between the cells. 
Results from Chapter 3 and previous studies on rubber-toughened solid PVC have 
shown that the toughening mechanism is shear yielding (19,20). The results ftom the 
image analysis in the present study have shown that the rubber particles are about 170 
times smaller than the cells and therefore can easily be accommodated between the 
cells. The rubber particles act as a stress concentration that initiates the shear yielding 
of PVC due to the large differences that exist between the modulus of the rubber and 
the PVC matrix. When the rubber particles are close to each other, the stress fields 
can interact to enhance the stress concentration ability. It is proposed that the foaming 
of the PVC matrix does not prevent the stress field of the rubber, particles from 
interacting with each other in enhancing the stress concentrations ability. 
5.6 Conclusions 
The main conclusions to be drawn from this chapter are: 
(1) The results obtained from the IFWI test show that acrylate impact modifier has 
the potential to improve the impact strength of foamed PVC-U. The increase of 
impact strength due to an increase in impact modifier content from 0 to 10 phr is 
given as: 
(a) Horizontal bar samples under flexural mode: 2.24 kj/M2 (20% increase) 
(b) Flexed plate samples (3 m/S and 20 'C): 0.243 J/mm, (74% increase). 
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(2) From the IFWI test force-deflection trace, it was found that the impact-modifier 
increases the impact strength of both the foamed and solid samples, by 
increasing degree of deflection (i. e. absorbing more strain energy) before the 
fracture process completes. 
(3) In foamed PVC-U samples, the increase in impact strength due to the increase in 
impact modifier content is only marginal compared, to the decrease of impact 
strength due to the increase of blowing agent content (and thus decrease in 
density). The reason for the decrease of impact strength with decrease in density 
is due to the decrease of force needed to initiate the fracture. 
(4) The results obtained from the flexed plate impact tests showed that the addition 
of 4 phr of impact modifier (from 6 to 10 phr) is successful in compensating the 
decrease of impact strength due to a 0.06 g/cm3 reduction of density (as a result 
of increasing the blowing agent content from 1.6 to 2.0 phr). 
(5) The equivalent thickness (the thickness of foamed beam which gives the same 
stiffhess as the solid beam), the amount of material saved, and the stiffhess per 
unit weight all increase with decreasing density. With increasing impact modifier 
- content, the equivalent thickness, the amount of material saved, and the stiffhess 
per unit weight all decrease. However, the decreases are relatively small and are 
thus not very significant in comparison to the equivalent changes when foam 
density is changed. 
(6) The proposed empirical relationships for predicting the impact strength of 
foamed PVC-U for the various conditions are given as follows: 
(a) Horizontal bar samples under flexural mode: (USS /USF) = (PS /PF)I .9 
(b) Flexed plate samples (3 m/s and 20 OQ: (USS/USF) (PS/PF)1.2 
(c) Flexed plate samples (2 m/s and 30 *Q: (USs/USF) (ps/pF)1'5 
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(7) The proposed relationship for predicting flexural modulus of foamed PVC-U is 
given as (Es / EF) = (PS /PF)1.8. 
(8) The reduction of density with increasing blowing agent content is not due to an 
increase in cell size but rather due to the increase in cell number. , The cells are 
not equal in size but ranging between 0.001 MM2 to slightly More than 0.050 
mmý in area. However, around 70% of cells area are between 0.002 and 0.02 
MM2. 
(9) From the relative sizes of the foam cell and rubber particles, it is proposed that 
the foaming of the PVC matrix does not prevent the stress fields around the 
rubber particles from interacting with each other to initiate yielding in the PVC 
matrix. 
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Figure 5.1: Layout of Krauss"-Maffei Laboratory Extruder KMDL25 - 
p 
Figure 5.2: Converging Conical Twin Screw Extruder 
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Figure 5.3: Variation of Mass Pressure with Blowing 
Agent Content for Samples FF2-FF7 
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Figure 5.4: Variation of Mass Pressure with Impact 
Modifier Content for Samples FF3 and FF8-FF12. 
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Figure 5.5: Variation Of Torque with Blowing Agent 
Content -I-- 
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Figure 5.7: Variation of Thickness with Blowing Agent 
Content 
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Figure 5.10 (A-F): Force-Deflection Trace for IFWI Test (Rectangular Bar Samples at I 
m/s and 20T) 
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Figure 5.11: Variation of Impact Strength with Impact 
Modifier Content for Flexural Rectangular Bar Samples 
at 1 m/s and 20 oC (FF3 and FF8-FF12) 
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Figure 5.13: Variation of Flexural Strength With Impact 
Modifier Content at I m/s and 20 oC 
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Figure 5.14: Variation of Flexural Strength with 
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Figure 5.15: Optical Micrograph of Typical Fractured and Unfractured Rectangular 
Bar Samples 
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Maximum Stress at outer (tensile) surface, and therefore properties depend a great deal on the 
structure/density at the surface, i. e. the skin. 
Figure 5.16: Stress Conditions of Rectangular Bar Samples During 
IFWI Test 
Figure 5.17: Variation Of Impact Strength with Impact 
Modifier Content for Flexed Plate Samples at 3 m/s 
and 20 oC (FF3 and FF8-FF12) 
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Figure 5.18: Impact Fractured Flexed Plate (Sample F712) 
(210-17 
(A) Frontside 
(B) Backside 
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Figure 5.19: Variation of Impact Strength with Blowing 
Agent Content for Flexed Plate Samples at 3 m/s and 
20 oC (FF2-FF7) 
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Figure 5.20: Impact Fractured Flexed Plate (Sample FF6) 
(A) Frontside 
(B) Backside 
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]Figure 5.21: Variation of Maximum Force with Impact 
Modifier Content for Flexed Plate Samples at 3 m/s 
and 20 oC (FF3 and FF8-FF12) 
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Figure 5.23: Variation of Impact Strength with Impact 
Modifier Content for Flexed Plate Samples at 2m/s ýand, 30 oC (FF3 and FF8-FF12) 
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Figure 5.24: Variation of Impact Strength with Blowing Agent Content for Flexed Plate Samples at 2m/s and 30 oC (FF2-FF7) 
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Figure 5.25: Variation of Maximum Force with Impact 
Modifier Content for Flexed Plate samples at 2 m/s 
and 30 oC (FF3 and FF8-FF12) 
1200 1 
0 
V4 800 
Z 
, 400 
0 
Figure 5.26: Variation of Maximum Force with Blowing 
Agent Content for Flexed Plate Samples at 2 m/s and 
30 oC (FF2 FF7) 
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Figure 5.27: Impact Fractured Flexed Plate (Sample FF7) 
(A) Frontside 
(B) Backside 
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Figure , 5.28: Variation of Impact Strength with Temperature for Flexed Plate Samples at 3 m/s (FF3, 
FF8 and FF12) 
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Figure 5.29: Variation of Maximum Force with 
Temperature for Flexed Plate Samples at 3 m/s (FF3, 
FF8 and FF12). 
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Figure 5.30: Variation of Flexural ý Modulus with Impact 
Modifier Content (FF3 and FF8-FF12) 
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Figure 5.31: Variation of Flexural Modulus with 
Blowing Agent Content (FF2-FF7) 
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Figure 5.32: Variation of Flexural Strength with Impact 
-Modifier Content (FF3 and, FF8-FF12) 
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Figure 5.33: Variation of Flexural Strength with 
Blowing Agent Content (FF2-FF7). 
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Figure -5.34: Variation of Impact Strength with Density for Flexed Plate Samples (FF3-FF7) 
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Figure 5.35: Variation of Impact Strength, with, Density 
for Rectangular Bar Samples (FF3-FF7). 
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Figure 5.36: Nariation of Maximum Force with Density 
for Flexed Plate Samples (FF3-FF7) 
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Figure 5.37: Variation' of Flexural Strength with 
Density for FF3-FF7 Samples at I m/s and 20 oC 
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Figure 5.38: Comparison Between Experimental and 
Predicted Impact Strength Values (Flexed Plate 3 m/s 
and 20 oC) 
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Figure 5.40: Comparison Between Experimental and 
Predicted Impact Strength Values for Rectangular, Bar 
at I m/s and 20 oC 
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Figure 5.41: Comparison Between Experimental and 
Predicted Values for Flexural Modulus 
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Figure 5.42: Variation of Impact Strength with Impact 
Modifier Content at Different Thickness Power Factor 
(FF3 and FF8-FF12) 
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Figures 5.43 (A - F) : Optical Micrographs of Samples FF2-FF7 (x 15 maýmlficatlon) 
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(C) Sample FF4: 1.6 phr BloAing1kgent and 0 phr Impact Modifier 
(D) Sample FF5: 1.2 phr Blowing Agent and 6 phr Impact Moddier 
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Figure 5.44: Variation of PVC Fraction with Profile Thickness 
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Figure 5.45: 
Density 
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Figure 5.46: Cells Size Distribution for FF3-FF7 Samples 
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Figures 5.47: Scanning Electron Micrographs of Fractured Surfaces of PVC-tJ Foamed 
Samples (magnification x 11) 
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Figures 5.48: Scanning Electron Micrographs of Fractured Surfaces of PVC4J Foamed 
Samples (magnification x200) 
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Figure 5.49: The Effect of Density on the Failing Weight Impact Strength of 10 mm thick 
Polypropylene Structural Foam (10). 
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Figure 5.50: Distribution and Relative Sizes of Acrylate Rubber and Fown Cells 
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CHAPTER 6' 
IMPACT STRENGTH ENHANCEMENT 
IN CO-EXTRUDED PVC-U FOAM PROFILES 
6.1 Introduction and Objectives 
In the previous chapter, impact strength enhancement in PVC-U foam profiles has 
been achieved through impact modification of the foam. In addition to the continued 
development in both free foam and controHed foam processes, a third method for the 
production of PVC-U foam profiles based on co-extrusion has been developed (1). In 
this technique, two or more extruders are linked together to produce distinct but well 
bonded layers forming a single extrusion product (2). 
An Msc. project (3) was previously undertaken at Loughborough University to 
establish a familiarity with the foam co-extrusion process, which was conducted on 
unmodified PVC-U, i. e. no impact modifiers were added into the skin formulation. 
The project established the effects of key processing parameters on cell morphology of 
PVC-U foam and mechanical properties. The key processing parameters investigated 
were main screw speed, co-extruder screw speed, haul-off rate, doser screw speed and 
main screw temperature. The results from this study showed that haul-off rate, main 
screw speed and co-extruder screw speed are the most influential processing variables 
on cell morphology (3). For example, at high haul-off rates, the cell shape is highly 
elongated in the haul-off direction, producing very poor drop-weight impact results. 
Another important finding from this research is that increasing the co-extruded skin 
thickness resulted in an increase in the impact failure energy and flexural modulus of 
foamed profile. 
The mechanical properties of thermoplastic structural foams (including foamed PVC- 
U) depends on the thorough-thickness density, the size and uniformity of the cells, and 
the relative amounts of dense skin and foamed core (4). In co-extruded foam PVC-U 
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profiles, improvements in impact properties may be achieved by'the use of a high 
impact, rubber modified skin (i. e. a window-grade PVC compound) (1). It is this 
principle which was intended to be exploited, with the general objective of improving 
the impact toughness of PVC-U foam profiles used in the building and construction 
industries. The co-extruded foam PVC-U profiles with a skin based on a6% acrylic 
graft polymer are gaining continuously higher market shares in the UK market with the 
main applications in the ancillary window profiles (1). 
The objectives of this part of the project are: 
To study the effect of co-extrusion screw speed on the structure, impact and 
flexural properties of the co-extruded PVC-U foam profiles. 
To investigate the effect of impact modification of the co-extruded skin at various 
skin thickness: 
* in enhancing the impact resistance of PVC-U foam profiles. , 
o on flexural properties of PVC-U foam profiles. 
6.2 Materials and Forniulations 
Specific details on the foam and skin formulations were not disclosed. It is however 
known that the formulation used in the present study contained the following 
ingredients: 
0 For the foam part (in the form of dry blends): PVC resin (K57), lead stabiliser, 
intemal and extemal lubricants, acrylic processing aid, 
TiOZ, filler and a n-dxture 
of sodium bicarbonate and azodicarbonamide as blowing agent (5). 
For the skin part (in the form of granules): Evicom PVC compound (K60), 
including lead stabiliser, internal and external lubricants, acrylic processing aid, 
Ti02and filler. 
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For the impact-modified skin, impact modifier C (6 phr) (similar to that used in the 
free foam PVC-U extrusion study reported in Chapter 5) was added by dry blending 
before being granulated. 
The actual quantity of each additive used is proprietary information but typical values 
for formulations used in PVC-U foam profile extrusion are given in Table S. I in 
Chapter 5 (5). 
6.3 Methods 
6.3.1 Co-extrusion trials 
The processing work was carried out on an Ide co-extrusion foam line. This consists 
of a DSK62 conical twin-screw extruder, and a 45 mm single screw co-extruder. PVC 
foam is processed on the main extruder and the co-extruder feeds material into the die 
for forn-dng the skin. The schematic diagram of a typical co-extrusion die to make 
foam-cored solid skin co-extrusion is given in Figure 6.1 which shows where the single 
screw extruder feeds into the melt stream of twin screw extruder. The die is a 'tongue 
and groove' cladding die (die gap thickness of 8 mm), as illustrated in Figure 6.2. 
A PVC-U foam compound with "new" blowing agent was initially used with the single 
screw co-extruder set to around 15 rpm. It was found that the top surface of the 
profile rippled. Therefore an attempt to achieve greater foaming of the profile by 
increasing the melt temperature was made to increase the contact with the sizing die. 
The haul-off speed was also lowered to achieve better sizing and surface quality. 
The attempts to achieve greater foaming of the profile seemed to fail and it was 
suspected that processing conditions were not optimised to accommodate the "new" 
blowing agent. Therefore to overcome the problem, the foam compound was changed 
back to the established system, and consequently, the haul off current and force 
increased. This means that the profile had achieved the expected degree of foaming 
and contact with the inside surfaces of the calibrator had been made. 
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However there was a tendency to see overblowing in a thin section across the profile 
for a co-extruder speed of 15 rpm (unmodified skin samples). Attempts to reduce this 
by reducing haul-off speed were partially successful and the tendency for overblowing 
reduced. This problem was however overcome completely as the skin thickness 
increased. 
In order to examine the effect of the co-extruder screw speed, the co-extruder screw 
speed which was initially set to 15 revolutions per minute (RPM), was gradually 
increased in steps of 5 RPM until it reached 35 RPM. Two types of co-extruder skin 
were used; impact-modified and unmodified (which acts as the control). Also for a 
co-extruder screw speed of 25 RPM, a 50: 50 mixture of impact-modified and the 
umnodified granules is used for the co-extruded skin. The co-extruder speed code and 
haul-off speed for each sample is shown in Table 6.1. For samples C3 5 and 13 5, the 
haul-off velocity was increased because the haul-off force would have been too high if 
the haul-off velocity was maintained at 1.68 m/min. These minor adjustments, 
however, were not expected to modify profile structure to a significant extent. 
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Table 6.1: Co-extruder Screw and Haul-off Speed 
Skin type Co-extruder 
Speed (rpm) 
Sample code Haul-off 
Speed (m/min) 
15 115 1.68 
Impact- 20 120 1.68 
modified 25 125 1.68 
skin 30 130 1.68 
35 135 1.72 
15 C15 1.68 
Unmodified 2Q C20 1.68 
skin 25 C25 1.68 
30 C30 1.68 
35 C35 1.80 
Mixture 
(50: 50) skin 25 M25 1.68 
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The set temperatures of the main and co-extruder screw are given in Table 6.2. 
Table 6.2: Set Temperatures in Main and Co-Extruder 
Main Extruder Co-Extruder 
Description Set Values ('C) Description Set Values C) 
Cylinder zone 1 140 Cylinder zone 1 165 
Cylinder zone 2 150 Cylinder zone 2 175 
Cylinder zone 3 165 Cylinder zone 3 175 
Cylinder zone 4 175 Cylinder zone 4 185 
Cylinder zone 5 24 Cylinder zone 5 25 
Adapter 175 Adapter 180 
Flange 175 Flange 180 
Die zone 1 165 Die zone 1 180 
Die zone 2 165 Die zone 2 25 
Die zone 3 165 Die zone 3 25 
Screw 150 Screw 140 
A schematic diagram of the main extruder is illustrated in Figure 2.13 (in Chapter 2) 
which shows where the temperature readings were taken. The screw speed in the 
main screw extruder was set as follows: 
1) Main screw - 12 rpm 
2) Dosing screw - 35 rpm 
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The measurements taken from the extrusion experiment were: 
" Mass output (when haul-off is constant) 
* Haul-off force 
" Haul-off current 
Co-extruder current 
Temperature profile (measured/actual) 
6.3.2 Instrumented Falling Weight Impact (IFWI) Testing 
Impact testing of the foam profiles was carried out on a Rosand IFWI tester (see 
section 3.3). The test parameters are given Table 6.3. 
Table 6.3: IFWI Test Parameters 
impact Speed 3 and 4 m/s 
Filter Frequency 3 kHz 
Mass 25 kg 
Sweep time 10 ms 
Temperature 20,30,40 and 50'C 
Samples from the co-extruded profiles with dimensions of 65 mm x 65 mm were 
clamped on a raised ring of 40 mm internal diameter with the co-extruded skin on the 
top (unless otherwise stated). Two types of impactor head were available: 5 and 10 
mm, radius hemispherical. For majority of the tests the 10 mm radius hemispherical 
impactor head was used. The conditions under which the samples were tested are 
given in Table 6.4. 
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Table 6.4: Impact Test Conditions 
Samples Impactor head 
radius (mm) 
Temperature (*C) Impact speed 
(M/S) 
All 20 30 3 
C15,115, C30 and 
130 
20 20,30,40 and 50 3 
C30 and 130 10 40 3 
C25, NU5 and 
125 
10 30 4 
In majority of the tests, the minimum number of samples tested was 7. 
6.3.3 Flexural Testing 
The flexural testing was carried out on a JJ Lloyd Universal tester (see section 5.3) 
using a three-point bending jig in accordance with ASTM standard D790 (1986). The 
samples were tested with the position of the co-extruded skin on the top unless 
otherwise stated. 
The width of the specimen was 28 ±3 mm, whilst the length was 160 mm. The span 
between the support bars was 128 mm., which is 16 times the thickness of the foam as 
specified by the ASTM Standard. The crosshead speed was set to 5 mm/min. 
The test was carried out to the point at which the load reached its peak. A plot of 
force against displacement was obtained. Flexural modulus and strength can be 
calculated from the gradient and maximum values obtained using ASTM mentioned 
above. A minimum of five specimens for each foam sample were tested. 
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6.3.4 Foam Structure Analysis 
To ensure that the cefls in the'foam structure could be I seen a black solvent-based 
marker pen was used to provide optical contrast across the section thickness 
(machined from the profile) to be analysed. Samples were then left at room 
temperature for half an hour to dry the ink properly, and were polished using a hand 
grinder (Grit P 1200 grinding paper) with water cooling. 
The foam structure was observed using an optical n-ftroscope fixed with a 35 mm 
camera. A magnification of x2O was used and exposure time of 1/8 of a second. 
The cell distribution throughout the profile was obtained by analysing the optical 
micrograph using an image analyser. The image analyser consists of 486-Personal 
Computer with a Foster-Finlay PC-Image Software. The percentage of foam cells in 
certain sections of the profile was calculated as the area occupied by foam cells divided 
by the total area analysed. 
6.3.5 Profile Density 
The density of the extruded foam profile was measured by cutting a rectangular 
section from a flat portion of the profile. The density is calculated from the 
measurements of weight and dimensions. The measurement was done for at least 3 
samples. 
6.4 Results 
6.4.1 Co-extrusion Trial Data 
The actual temperatures of the main and co-extruder screws are given in Tables 6.5 
and 6.6 (in comparison to the set temperatures). 
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Table 6.5: Set and Actual Temperatures in Main Twin Screw Extruder 
Description' Set Values (T) Actual Values (T) 
Cylinder zone 1 140 140 
Cylinder zone 2 150 152 
Cylinder zone 3 165 165 
Cylinder zone 4 175 180 
Cylinder zone 5 24 15 
Adapter 175 175 
Flange 175 175 
Die zone 1 165 165 
Die zone 2 165 165 
Die zone 3 165 165 
Screw 150 159 
Table 6.6: Set and Actual Temperatures in Single -Screw Co-extruder 
Description Set Values (C) Actual Values CC) 
Cylinder zone 1 165 164 
Cylinder zone 2 175 175 
Cylinder zone 3 175 175 
Cylinder zone 4 185 185 
Cylinder zone 5 25 26 
Adapter 180 180 
]Flange 180 179 
Die zone 1 180 180 
Die zone 2 25 24 
Die zone 3 25 26 
Screw 140 137 
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The readings taken during the co-extrusion process are given in Table 6.7. 
Table 6.7 Readings From Co-extrusion Trials 
Blend Haul-off force 
(kN) 
Haul-off current 
(A) 
Co-extruder 
current (A) 
C15 10.8 4.0 7.6 
C20 13.3 4.3 8.5 
C25 18.0 4.7 9.3 
C30 21.0 4.9 9.9 
C35 27.0 5.3 10.5 
115 15.4 4.2 7.5 
120 20.0 4.7 8.3 
125 28.5 5.4 9.1 
130 30.4 5.7 9.6 
135 25.4 5.2 10.4 
M25 27.7 5.5 
1 
8.9 
The variation of haul-off force with co-extruder screw speed is given in Figure 6.3 
which shows that the haul-off force increases with co-extruder screw speed, due to the 
increase in thickness of the profile. The results also show that the haul-off force of the 
impact-modified skin samples is higher than the unmodified skin samples. 
Figure 6.4 shows the variation of haul-off current with co-extruder screw speed. The 
result shows a similar trend as in the variation of haul-off force, with increasing values 
as the co-extruder speed increases. The result also shows that the haul-off current of 
the impact-modified skin samples is higher than the unmodified skin samples. 
The variation of co-extruder current with co-extruder screw speed is illustrated in 
Figure 6.5. The result also indicates increasing values of co-extruder current with co- 
extruder screw speed, with the values obtained from the impact-modified samples 
lower than the unmodified skin samples. 
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Table 6.8 shows that the mass output per unit time increases with increasing co- 
extruder speed for both the impact-modified and unmodified skin. The weight per unit 
length also increases with increasing co-extruder speed. The only exception is for 
when the co-extruder speed increases from 30 to 35 rpm for the impact-modified skin. 
The reason for this is that the haul-off speed for sample 135 (1.80 m/rnin) is higher 
than for the other impact-modified skin samples (1.68 m/min), resulting in a decrease 
in profile thickness. The haul-off speed for C35 (1.72 m/min) is also higher than the 
other unmodified samples (1.68 nýrnin), but a decrease in weight per unit length was 
not observed when the co-extruder screw speed increases from 30 to 35 rpm. The 
reason for this is that the haul-off speed for sample C35 is still relatively slow to 
counteract the increase of weight due to the increase of co-extruder speed. 
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Table 6.8: Weight per Unit Length and Mass Output per Unit Time of Co- 
extruded PVC -U Foam Profile 
Haul-off Speed 
(ni/min) 
Weight/ unit 
length (kg/m) 
Total Mass 
output 
(kg/min) 
Impact-modified Skin 
115 1.68 0.843 1.416 
120 1.68 0.866 1.454 
125 1.68 0.895 1.504 
130 1.68 0.914 1.536 
135 1.80 0.871 1.568 
Unmodified Skin 
C15 1.68 0.841 1.414 
C20 1.68 0.866 1.455 
C25 1.68 0.894 1.502 
C30 1.68 0.917 1.540 
C35 1.72 0.923 1.587 
50: 50 (Impact-modified: Unmodified Sldn 
M25 1 1.68 1 0.894 1.502 
Table 6.9 shows that the skin and the overall profile thickness each increase with co- 
extruder screw speed. Since the main extruder screw speed is kept constant, the 
increase in profile thickness is therefore due to the increase in skin thickness with 
increasing co-extruder speed. However for the impact-modified skin samples, the 
profile thickness reached its peak at co-extruder speed 30 rpm and decreases as the 
co-extruded speed increases from 30 to 35 rpm. The reason is that the haul-off speed 
was increased from 1.68 to 1.80 m/min for samples 135. 
interestingly, the results also show that all the impact-modified skin samples have 
higher profile and skin thickness compared to the unmodified skin samples. This will 
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have an important effect since thicker specimens will influence the impact failure 
energy and stiffness of samples. 
The results also show that in general, there is a marginal increase of profile density 
with increasing co-extruder speed. This is due to the increase of thickness of the skin 
which has a relatively higher density than the foam section. The slightly lower foam 
density values of 13 5 can be attributed to the higher haul-off velocity. 
Table 6.9: Thickness and Density of PVC-U Foam Profile 
Profile Depth 
(MM) 
Profile Density 
(g/CM3) 
Skin Depth (mm) Foam Density 
(g/cMI) 
115 7.78 ± 0.05 0.62 ± 0.01 0.29 ± 0.02 0.59 
120 7.91 ± 0.06 0.63 ± 0.01 0.40 ± 0.02 0.59 
125 8.02 ± 0.03 0.63 ± 0.01 0.53 ± 0.02 0.58 
130 8.06 ± 0.02 0.65 ± 0.01 0.60 ± 0.02 0.59 
135 7.95 ± 0.03 0.64 ± 0.01 0.69 ± 0.01 0.57 
C15 7.50 ± 0.10 0.61 ± 0.01 0.17 ± 0.04 0.59 
C20 7.82 ± 0.05 0.62 ± 0.01 0.38 ± 0.02 0.58 
C25 7.95 ± 0.06 0.63 ± 0.01 0.50 ± 0.02 0.58 
C30 8.01 ± 0.02 0.65 ± 0.01 0.58 ± 0.02 0.59 
C35 8.03 ± 0.06 0.66 ± 0.01 0.69 ± 0.03 0.59 
M25 8.01 ± 0.03 0.63 ± 0.01 0.54 ± 0.02 0 . 
58 
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6.4.2 Instrumented Falling Weight Impact (1FWI) Testing 
The IFWI testing is divided into four sections which will be presented in turn. 
6.4.2.1 Effect of Co-extruder Speed and Skin Formulation on Impact Failure 
Energy, Impact Strength and Maximum Force 
The study on the effect of co-extruder speed and skin type on impact failure energy, 
impact strength and maximum force has been completed at 30 'C and at an impact 
velocity of 3 m/s, using a 10 nun radius impactor head. 
The typical force-deflection curves for samples tested under these conditions (Figure 
6.6-A to Q show a brittle type of failure with a relatively small amount of propagation 
energy, as compared to the initiation energy. 
The results illustrated in Figure 6.7 show that for the impact-modified skin, the impact 
failure energy in general increases with increasing co-extruder speed. However the 
increase in the impact failure energy is only marginal over the range of conditions 
studied. The average values for 130 and 135 are higher than the other samples but the 
scattering of the results is high. For the unmodified skin samples, a general increase of 
impact failure energy with co-extruder speed was also observed. Similar to the impact- 
modified skin samples, the increase of the impact failure energy is only, marginal. 
However, a sharp increase of faure energy was observed as the co-extruder speed 
increases from 15 to 20 rpm. 
Variation of peak energy (which corresponds to the energy needed to initiate failure) 
vvith co-extruder screw speed (Figure 6.8) shows a similar trend as in the impact 
failure energy data. 
The maximum force is the force needed to initiate the failure in the sample during the 
impact test. The effect of co-extruder screw speed on maximum force given in Figure 
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6.9 also shows an overall marginal increase of maximum force with co-extruder screw 
speed. 
The overall- results in general do not show "any significant im I provement in impact 
failure energy due to the impact modification of the co-extruded skin under these test 
conditions. The only exception is for samples at a co-extrusion speed of 15 rpm, 
where sample IIS shows a higher impact failure energy than C15. One of the possible 
reasons for the lower impact failure energy of C 15 samples is the lower overall profile 
thickness values. -- 
Therefore we need to compare the failure energy which is normalised by the thickness. 
The effect of co-extruder speed on impact strength is shown in Figure 6.10. Impact 
strength is defined by the failure energy which has been normalised with profile 
thickness. The results show that the impact strength values are relatively similar for all 
samples except samples C 15. Another possible reason for the lower impact strength 
values of C 15 is due to the skin thickness effect. Figure 6.11 shows that the impact 
strength values increases with increasing skin thickness and after 0.3 mm the impact 
strength reached a constant values. The higher impact failure energy and impact 
strength of 115 over CIS suggests that for samples with a relatively thin co-extruded 
skin, the impact-modifier is effective in increasing the impact failure energy. 
Comparison between the impact failure energy, peak energy and maximum force of the 
samples co-extruded at 25 rpm with different impact modifier levels are shown in 
Table 6.10. The results do not show any increasing trend of impact failure energy, 
peak energy and maximum force with increasing impact modifier content. 
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Table 6.10: Impact Failure Energy, Peak Energy and Maximum Force of 
Samples Co-extruded at 25 rpm 
Samples Impact Modifier 
Addition (phr) 
Impact failure 
energy (J) 
Peak energy 
(J) 
Maximum force 
(N) 
C25 0 10.77 ± 1.51 9.40 ± 1.71 3086 ±254 
M25 3 10.94 ± 0.93 9.64 ± 0.83 3135 ± 160 
125 6 10.41 ± 1.17 1 9.30 ± 1.31 3081 ± 225 
6.4.2.2 Effect of Temperature on Impact Failure Energy 
The effect of temperature (20,30,40 and 50 "C) on impact faure energy and peak 
energy for 4 samples (CI5,115, C30 and 130) has been studied. The typical force- 
deflection curves for the samples 130 at 20,30,40 and 50 OC are shown in Figure 6.12 
(A-D) respectively. The graphs show typical brittle failure at 20 and 30 OC with low 
values of propagation energy. However, the propagation energy increases as the 
temperature increases from 30 to 40 T and 50 T increasingly showing a more ductile 
failure. Therefore it can be said that for brittle mode failure at low temperature, peak 
energy is similar to failure energy. For ductile mode failure at higher temperature, 
peak energy is significantly less than failure energy. 
Typical impact fractured samples are shown in Figure 6.13(A-B). A typical brittle 
sample is shown in Figure 6.13-A. The sample shown is a C15 sample tested at 20 OC 
with failure energy of about 6 J. It shows sharp cracks around the hole punched by the 
impactor head. At 50 T, as shown in Figure 6.13-B, the hole formed by the impactor 
during the impact test still has part of the material attached to the sample, and shows a 
great deal more plastic (permanent) deformation. 
The results from the study of the effect of temperature on impact failure energy are 
illustrated in Figure 6.14 which shows that a transition from brittle to ductile fracture 
with increasing temperature. It is clear from the results that the impact failure energy 
increases with temperature for all samples. At 20 T, all the samples have relatively 
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similar values. At 30 *C, sample C15 was observed to be below the other three 
samples, which still have relatively similar values. As the temperature increases to 40 
T, sample 130 and C30 have similar values which are higher than 115 and C15. At5o 
T, 130 has the highest failure energy values and C15 the lowest. Samples 115 and 
C30 seem to have similar values at this temperature. The results also show that the 
scatter of results increases with temperature. 
Figure 6.15 illustrates the effect of temperature on peak energy which also shows 
increasing peak energy values with temperature. At 20 'C, all the samples have 
relatively similar values. As the temperature increases to 30 T, peak energy values of 
C30 and 130 samples are the highest and still similar, followed by 115 and C15. Asthe 
temperature increases to 40 T, peak energy difference between the samples becomes 
wider with sample 130 having the highest values followed by C30,115 and CIS. The 
trend changes at 50 *C with both the impact-modified skin samples have similar 
average values of around 38 J, and are higher than the unmodified skin samples. 
From both figures, it can be seen that the trend of variation of peak and faure energy 
with temperature is similar. The only exception is at 50 OC, where 115 has higher peak 
energy values than C30 but lower failure energy. It means that the energy needed to 
initiate the failure is higher in 115 but the crack propagation energy is lower than C30. 
In general it is observed that the impact-modified skin samples (115 and 130) have a 
larger increase of failure energy and peak energy with increasing temperature than the 
unmodified skin samples (C15 and C30). 
6.4.2.3 Effect of Co-extruded Skin Position on Impact Failure Energy 
The effect of the position of co-extruded skin (relative to the surface, hit by the 
impactor head) on impact failure energy at 4 m/s and 30 *C is given in Table 6.11. The 
results show that when the co-extruded position is uppermost, sample 125 has the 
highest failure energy followed by M25 and C25. The trend shows that the amount of 
impact modifier corresponds to the failure energy of the samples. A similar trend was 
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not observed when the samples were tested with the co-extruded position at the 
bottom. 
Table6.11: Effect of Co-Extruded Skin Position on Failure Energy (J) for 
Samples Co-Extruded at 25 rpm (4m/s at 30 OC). 
Sample Co-extruded skin top Co-extruded skin bottom 
Average Std. Dev. Average Std. Dev. 
C 25 3.86 0.89 3.71 0.32 
M 25 4.81 0.88 4.59 1.62 
125 
L- 
I 5.39 0.86 3.96 0.46 
I 
6.4.2.4 Effect of Impactor Head Size 
The effect of impactor head size (10 and 5 nun radii) on impact failure energy for 4 
samples (CI5,115, C30 and 130) has also being studied at 3 m/s and 40 T and the 
results are shown in Table 6.12. The results indicate that the failure energy is higher 
when tested with the 10 mm radius impactor. As the size of the impactor head 
reduces, the force will be applied to the specimen over a smaller area, and an increase 
of stress concentration results in the promotion of brittleness in the material. 
It is also interesting to note that all the samples with the impact-modified skin have 
higher failure energy than the samples with the unmodified skin. The difference 
between the impact strength values of impact-modified and unmodified skin samples is 
greater when tested with the bigger impactor head size. This suggests that the effect 
of impact modification of the skin is more clearly seen with the bigger impactor head 
radius as a more ductile failure is approach at a lower temperature. However the 
advantage of using small impactor head is the reduction in the scatter of results. 
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Table 6.12: Effect of Impactor Size on Failure Energy (J) at 3m/s at 40 T 
Sample 10 mm radius 5 mm radius 
Average Std. Dev. Average Std. Dev. 
C15 21.50 6.00 15.90 1.03 
115 24.74 5.55 17.12 0.66 
C30 28.20 6.70 19.29 0.98 
130 31.23 8.94 20.57 1.98 
6.4.3 Flexural Testing 
The effect of co-extruder screw speed on flexural modulus is given in Figure 6.16. It 
is clear from the results that the unmodified. samples have the higher flexural modulus, 
and that there is a general increase in the flexural modulus with increasing co-extruder 
speed. The percentage of flexural modulus reduction due to the impact modification is 
illustrated in Figure 6.17 which indicates an increasing trend as the co-extruder screw 
speed increases. 
The effect of co-extruder screw speed on flexural strength is given in Figure 6.18. The 
results indicate that impact-modification of the skin (at a given screw speed) caused a 
reduction in flexural strength values. The results also show that the flexural strength 
increases with increasing co-extruder speed., 
Comparisons of the flexural properties between samples with co-extrusion speed 25 
rpm but differing in impact modifier content of the skin are given in Table 6.13. The 
results show a decreasing trend of flexural modulus values with increasing impact 
modifier content in the skin. Flexural strength data show no significant trends. 
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Table 6.13: Effect of Impact Modifier Content on Flexural Properties for 
Samples with Co-extrusion Speed 25 rpm. 
Samples Impact Modifier 
Addition (phr) 
Flexural Modulus (MPa) Flexural Strength (MTa) 
C25 0 1627 ± 38 30.90 ± 0.47 
M25 3 1549 ± 21 30.92 ± 0.82 
125 6 1490 ± 16 29.17 ± 1.28 
The effect of co-extruded skin position on flexural modulus and strength for samples 
M25 is shown in Table 6.14. From the data obtained, it can be deduced the values are 
relatively similar. 
Table 6.14: Effect of Co-extruded Skin Position on Flexural Properties for M25 
Samples 
Flexural Modulus (MPa) Flexural Strength (MPa) 
Co-extruded skin at 1549 ± 21 30.92 ± 0.82 
uppermost position 
Co-extruded skin at the 1570 ± 40 29.83 ± 0.78 
bottom 
6.4.4 Foam Structure Analysis 
Figure 6.19 shows the optical ýnicrograph of the through-thickness cell distribution of 
the profile 135. This was only done once because all foam core structures are the 
same. The foam cefls are identified as the dark areas, in comparison to the solid part. 
it can be seen that the cells size and density are not evenly distributed throughout the 
thickness. From the optical micrographs, the fraction of solid PVC was quantified 
using the image analyser which assumes that the 2-dimensional area seen in the 
rnicrograph describes the 3 -dimensional space which bubbles occupy in reality. The 
values of solid PVC fraction can thus be used to calculate the profile density. The 
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variation of profile density (which is normalised relative to PVC solid density) with 
position within the profile thickness obtained from the image analysis study is given in 
Figure 6.20. Foam section of the profile is divided into seven sections with section I 
being the furthest from the co-extruded skin. From Figure 6.20, it can be observed 
that a minimum density exists in the mid-section of the profile, i. e. in the foam core. 
From the micrograph in Figure 6.19, it is observed that the size of the cells in the mid- 
section is larger than the cells in the end section. 
Figure 6.21 shows that the number of cells initially increases through the thickness of 
the profile and reaches a peak at around 1.8 mm thickness, before decreasing to a 
zninimum number in the mid section of the profile. After reaching the minimum cell 
number in the mid section of the profile, the number of cells increases again to the 
highest peak near the co-extruded skin. From the data obtained in Figures 6.20 and 
6.21, it can be deduced that for co-extruded PVC-U samples; the number of cells is 
rninimum at the lowest density i. e. large cells. 
Figure 6.22 illustrates the cell size distribution for samples 135, which shows that the 
cell sizes are not evenly distributed but range from 0.001 to 0.070 MM2 in area. 
However, 80 % of the cells are between 0.001 to 0.01 mmý in area. In Figure 6.22, it 
should be noted that 0.002 mm2means cell sizes from 0.001 up to 0.002 mm 2. It 
follows that 0.005 mrný means cell sizes from 0.002 up to 0.005mrn2. 
6.5 Discussion 
The results from the co-extrusion trials show that skin thickness and thus the overall 
profile thickness increase with co-extruder screw speed resulting in higher impact 
failure energies and flexural modulus of the profiles. These results are consistent with 
the findings obtained by Mohan (3) who studied the effect co-extruder screw speed on 
impact faure energy and flexural modulus of co-extruded PVC-U profiles, but 
without any impact modifier in the skin. As the co-extruder skin thickness increases, 
there is a proportionately greater resistance to deformation giving an increase in 
flexural modulus. Thicker profiles have a further advantage because stiffness is 
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proportional to the cube of thickness (for a rectangular section profile) as given by 
equation 6.1. 
I= DB3/12 (6.1) 
where, I is the second moment of area, D is beam breadth and B is beam thickness. 
These results clearly illustrate the potential and advantages of co-extruded profile since 
the manipulation of the skin thickness can easily be achieved to suit the requirements. 
However, a thicker skin means higher density (which should be as minimum as 
possible) and also an increase in material cost. 
The results from the present study also revealed that the skin thickness'layer of the 
impact-modified skin is higher than the unmodified skin layer. This is due to the lower 
melt viscosity and thus a higher flowrate for the impact-modified skin. The shell of the 
impact modifier consists of PNEqA which can improve the processability of the PVC 
skin compound. 
This can be an advantage of using impact-modified skin since thicker skin and thus 
thicker profile can increase the impact failure energies with similar co-extruded screw 
speed. However, this advantage can be offset by the fact that thicker skin will incur 
rnore material cost and furthermore, impact modifiers are more expensive than PVC. 
The results from 1FWI test at 30 T and 3 m/s show that this improvement due to 
impact-modification of the skin is only significant at co-extruder speed of 15 rpm 
where the impact fOure energy of samples 115 are found to be around 2J higher than 
C 15. It is predicted that under the test condition, once the skin thickness drops below 
certain "threshold value" of around 0.3 mm the failure energy drop significantly 
(Figure 6.11). This finding is useful when designing profiles with optimum properties 
in terms of cost and mechanical properties. 
The IFWI test at 30 T and 3 m/s shows that no significant improvement due to the 
impact-modification of the co-extruded skin was observed. However, it is worth 
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noting that the samples tested in the present study are un-notched. These results are 
consistent with the findings obtained by Beckmann (1) who studied the impact 
strength of four types of PVC-U profiles obtained from four types of process; free 
foaming, internal foaming, co-extrusion with unmodified PVC-U skin and co-extrusion 
with impact-modified PVC-U (6% impact modifier) as the skin. He tested the 
specimen in Charpy impact flexural test mode using notched and un-notched 
specimens. His results (given in Table 6.15) also showed that there is no significant 
difference between the un-notched samples from the unmodified and impact-modified 
skin co-extruded profiles. (This is because the samples did not break, due to 
insufficient energy and this does not mean that the properties of both samples were the 
same). It is interesting to observe that the results' clearly show a significant 
improvement due to impact modification of the skin when notched samples are being 
compared. Beckmann also found out that if the concentration of the impact modifier 
is reduced to below 6 %, the notched impact strength falls sharply (Figure 6.23). If 
between 4 to 6% of impact modifier is used, the variations in notched impact strength 
are wide. Less than 4% effective impact modifier has almost no effect in improving 
the notched impact strength. 
From the results obtained in the present study and by Beckmann (I. ), it can be 
deduced that there is not much difference in the energy to initiate the crack between 
the impact modified and unmodified skin samples. The results obtained from the tests 
on the notched specimens showed that the impact-modified skin improved the 
resistance to crack propagation (1). From the variation of inipact strength with 
temperature in the present study (see Figure 6.15), it is found that at 40 *C and 50 *C, 
the crack initiation energy for the impact-modified samples is higher than the 
urunodified samples, showing the effectiveness of the impact modifiers., ,- 
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Table 6.15: Impact Strength (U/m) from Charpy Impact Flexural Test at 23 *C 
(from ReC 1) 
Sample Free foaming Internal foaming Co-extrusion Co-extrusion 
Type process process with unmodified with impact- 
skin modified skin 
Un-notched 12 25 No Failure No Failure 
Notched 2.2 2.5 3.0 >30 
Table 6.12 shows that the impact failure energy for the 10 mm. impactor radius is 
higher than the 5 mm impactor radius. With a smaller impactor tip dimension, the 
force was applied to the specimen over a smaller area, resulting in an increase of stress 
concentration which will reduce the energy required for crack initiation, thus 
promoting brittleness. 
The image analysis study of the foamed PVC-U revealed a minimum density and also 
minimum cell number in the mid-section of the profile i. e. in the foam core. The cell 
size distribution from the image analysis study also shows that most of the cells are 
small in size, with 80 % of the cells being less than 0.01 mm2 in area. A similar 
observation was also reported by Thomas et al. (3) for co-extruded foam PVC-U 
profile. The density distribution obtained suggested that the foaming process which 
operates during the co-extrusion is similar to the controlled foaming mechanism. 
During the foaming process, the blowing agent decomposes at a critical temperature, 
coinciding with a specific location within the extrusion unit, thereby releasing an inert 
gas which is held in solution in the pressurised and partially-fused PVC melt, which is 
pumped towards the die. When the extrudate emerges from the die, the decay in the 
rnelt pressure causes a supersaturation of the dissolved gas, inducing a phase- 
separation which effectively initiates the cell growth process. The bubbles continue to 
grow until an equilibrium is reached between the gas pressure and the surface tension 
on the cell walls. As this occurs, the extrudate is also being cooled from its external 
surfaces, an effect which tends to terminate the bubble growth process, producing 
solid, high density sldn layers, and a low-density cellular core. 
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In the co-extrusion process, one of the extruders (single screw extruder) feeds the 
material for the outer skin whHe the second extruder (twin screw extruder) supplies 
the melt containing the blowing agent for the foam part. The foaming process at the 
upper most part is suppressed due to the contact with the solid skin while the rapid 
cooling at the bottom prevents the formation of cells on the surface layer producing 
solid high density skin layers. 
6.6 Conclusions 
(1) In the co-extruded profiles, a minimum density exists in the mid-section of the 
profile, i. e. in the foam core. This suggests that the foaming mechanism in the co- 
extrusion process is shýflar to the controlled foaming mechanism. 
(2) At constant haul-off speed, mass output per unit time, the profile thickness and 
density, and skin thickness all increase with increasing co-extruder screw speed. 
At a given co-extruder screw speed, the impact-modified samples have higher 
profile and skin thicknesses compared to the unmodified samples. This is due to 
the lower melt viscosity and thus a higher flow rate for the impact-modified skin. 
(4) At an impact speed of 3 m/s and 30 OC, an increase in co-extruder screw speed 
(and thus an increased profile and skin thickness) results in a marginal increase of 
impact failure energy for both modified and impact-modified samples. 
(5) The results from the HMI test at 30 T and 3 ni/s shows that this improvement 
due to impact-modification of the skin is only significant at a co-extruder speed of 
15 rpm where the impact failure energy of sample 115 is found to be around 2J 
higher than C 15. 
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(6) The failure energy increases with increasing test temperature and the samples 
undergo a transition from brittle to ductile faure, which occurs between 30 T 
and 50 T. At high temperature, where a more ductile failure occurs, the failure 
energy is significantly greater than the peak energy. 
(7) As the temperature increases from 20 T to 50 *C, the impact-modified skin 
samples show a greater increase of failure (and peak) energy than the unmodified 
skin samples. 
(8) Increasing the co-extruded skin thicknesses also generally results in an increase in 
the flexural modulus and strength. 
(9) The reduction of flexural modulus due to the impact-modification increases with 
increasing co-extruder screw speed (and thus skin thickness). 
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Solid PVC melt from 
the single screw extruder 
Foamed PVC melt from 
twin screw extruder. 
Figure 6.1: Co-extrusion Die to Make Foam-cored Solid Skin Co-extrusion 
157 mm 
Figure 6.2: Schematic Cross-section of Co-extruded PVC-U Foam Profile 
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Figure 6.5: Variation of Co-extruder Current with 
Co-extruder Screw Speed 
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Figure 6.6: Typical Force-Deflection Curve at 3 m/s and 30 OC 
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]Figure 6.8: Effect of Co-extruder Screw Speed on Peak 
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Figure 6.9: Effect of Co-extruder Speed on Maximum 
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Figure 6.10: Effect of Co-extruder Screw Speed on 
Impact Strength at 3m/s and 30 oC 
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Figure 6.12: Variation or Force-Deflection Curve with Temperature at 3 m/s. 
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Figure 6.13: Typical Impact Fractured Samples 
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Figure 6.16: Effect of Co-extruder Screw Speed on 
Flexural Modulus 
2000 
-a-Unmodified Skin 
--o-impact-modified Skin 
1800 
1600 
Co 
04 10 
00 
1400 
1200 -II --F-- II 
10 is 20 25 30 3ý 
Co-extruder Screw Speed (rpm) 
40 
Figure 6.17: Effect of Impact-modification-on Flexural 
Modulus 
12 
10 
0-% 
b9 
%-* 8 
Cd 02 
x -rj 64 
4 
2 
Co-extruder Screw Speed (rprn) 
378 
10 15 20 25 30 35 
Chaptcr 6 Co-c. xtruded PVC-U Foam 
Figure 6.18: Effect of Co-extruder Screw Speed on 
Flexural Strength 
40 
Impact-modfied Skin 
Unmodified skin 
35 
30 
. -4. E3 Cu mi 
20 
10 15 20 25 30 . 35 40 
Co-extruder Screw Speed (rpm) 
. 
379 
Chapter 6 Co-extruded PVC-U Foam 
0. 
Figure 6.19: Optical Micrograph Showing Through- Thickness Cell Distribution in 
Profile 135 
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Figure 6.22: Cell Area Distribution for Sample 135 
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Chapter 7 
Overall Conclusions and Suggestions for Further Work 
The main objective of this research is to improve the impact strength of both solid 
and foamed PVC-U with the use of acrylate rubbers as impact modifiers. Having 
presented the major results of the research, the intention of this chapter is to give the 
overall conclusions finking the individual conclusions derived from each experimental 
chapter. Test selection will be discussed and the results obtained will be compared 
where appropriate. From this, some general recommendations on the use of impact 
rnodifiers to improve the impact properties of the solid and foamed PVC-U will be 
given. Finally possible further work in this area wiU be suggested. 
7.1 Overall Conclusions 
In this study, three types of PVC-U specimens were used for the Instrumented 
]Failing Weight Impact (EFWI) tests. Notched rectangular bar specimens were used 
iri a three-point bending tests for the determination of the ductile to brittle transition 
(Chapter 3) and for the fracture mechanics study (Chapter 4). Unmodified PVC is 
relatively ductile but is prone to occasional brittleness and is notch sensitive. 
Tqotcfiýing will promote brittle failure therefore enabling a transition from ductile to 
brittle to be clearly observed. 
Tlie IFWI tests have highlighted the difficulties in obtaining accurate and reliable 
, jata in the determination of impact strength values 
for notched rectangular bar 
specimens (in Chapter 3) and Kc, and Gci values (in Chapter 4) at high impact 
Velocities, for brittle specimens. It was found that a filter frequency of 3 kHz is not 
effective in reducing the inertial load effect and the effect of specimen vibration at 
irnpact velocities greater than 3 m/s. 
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One of the objectives of the work described in Chapter 3 was to relate the size of the 
acrylate rubber particles in the impact modified solid PVC-U sample with their 
effectiveness in shifting the ductile brittle transition to a lower temperature and 
higher strain rate. The study revealed that impact modifier C, which has the smallest 
r-ubber particles, is the most effective. It was therefore decided to use impact 
modifier C for the studies of impact modification of both ftee-foamed PVC-U 
(Chapter 5) and co-extruded PVC-U foam (Chapter 6)- 
In the study of the 1FW1 tests on the free-foamed and co-extruded foamed PVC-U 
profiles, un-notched specimens in the form of flexed plates and rectangular bars were 
tised. Flexed plate specimens were chosen because of their similarity in geometry to 
typical products such as cladding. Rectangular bar specimens were chosen because 
similar specimens have been used for flexural tests at low speed and thus a 
comparison can be made. in structural foams, including foamed PVC-U, skin 
-thickness and density profile are important properties which influence the mechanical 
properties such as impact strength and flexural stiffness. Notching of these 
specimens would have removed the skin layer and part of the foam near the skin, and 
this will have an influence on the impact strength values when foamed specimens 
VAth different skin thickness and density profile are compared. 
-flie results in Chapter 3 enabled the toughening mechanism in the solid acrylate 
r-ubber toughened PVC-U to be established. From the TEM studies on the 1-ýinge 
break impact tested samples, it was proposed that the mechanism of impact 
reinforcement is based on the enhancement of localised shear yielding of PVC, in the 
-vicinity of the rubber modifier particles. The applicability of this mechanism of 
irnpact reinforcement in foamed PVC-U was then considered. The study in Chapter 
5 on the free-foamed PVC-U revealed that the rubber particles are much smaller than 
. the foam cells and therefore the 
foaming of the PVC matrix does not prevent the 
., t. ress 
field of the particles from interacting with each other enhancing the matrix 
yielding. From this, it can be concluded that the toughening mechanisms 
in acrylate 
rLibber modified PVC, 
for both toughened foamed and solid systems are similar. 
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In Chapter 3, it was found that the impact modifiers shifted the ductile to brittle 
transitions to lower temperatures and to higher strain rates. The results in Chapter 4 
revealed that the impact modifiers increase Kc, and Gcj values relative to the 
unmodified blend, at a temperature of -40 *C for an impact velocity of 3 m/s. 
The advantage of foamed PVC-U compared with its solid equivalent is its low 
density. Due to this, foamed PVC-U has a higher flexural stiffhess per unit mass 
compared with solid PVC-U The results obtained from Chapter 6 showed that the 
density of the co-extruded profiles is approximately 0.62 gkmý (i. e. around 40 % of 
solid PVC-U) which is similar to that of the free foamed samples containing 2.0 phr 
blowing agent content (Chapter 5). The study on the free-foamed PVC-U using 
optical microscopy and image analysis has shown that the area occupied by the cells 
is not equally distributed throughout the thickness, thus resulting in an irregular 
density distribution. In the study of the co-extruded foamed profiles in Chapter 6, a 
rninimum density was found to exist in the mid-section of the profile, i. e. in the foam 
I c; ore, which suggests that the foaming mechanism in co-extrusion process is' similar 
to the controHed foaming mechanism. 
iE7or the flexed plate specimens tested at an impact velocity of 3 m/s and a 
temperature of 30 *C, the impact strength of sample 130 (a co-extruded impact 
rnodified PVC-U foamed profile with co-extrusion speed of 30 rpm) 
is 1.3 J/mm, 
which is about twice the impact strength of the free-foamed samples of similar 
density. The higher impact strength clearly shows the advantage of co-extruded 
]? VC-U foam profiles compared with those which are free-foamed, i. e. co-extrusion 
, Can produce 
low density foam with a thicker skin to increase the mechanical 
p. roperties. The skin thickness of the co-extruded PVC-U 
foamed profile can be 
controlled accurately by adjusting the co-extruder screw speed. 
Ariother conclusion that can be drawn when the two types of foamed PVC-U are 
, Cornpared 
is that in the free-foamed PVC-U samples, the impact strength increases 
. Ath increasing impact modifier content when un-notched specimens were tested at 
. 11 impact speed of 3 m/s and temperatures of 
20 and 30 *C. However in the co- 
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extruded PVC-U samples, no improvement of impact strength due to impact 
rnodification was observed. This is because the impact modifier was added only to 
the skin layer, which is relatively thin compared to the profile thickness. it is also 
irnportant to mention here that the study of the variation of impact strength with 
irnpact modifier content in the free-foamed samples was done only on samples 
containing 2 phr blowing agent (producing profiles with densities around 0.65 
g, lcrn). The results have shown that the increase in impact strength due to the 
iricrease in impact modifier concentration is only marginal, compared with the 
decrease of impact strength due to the increase in blowing agent concentration. 
][: )ue to the higher cost of impact modifiers compared with that of PVC, impact 
rnodifiers should only be used when they increase the PVC-U foam impact 
performance sufficiently, after taking account of possible deterioration in other 
p1roperties such as flexural stiffhess. However, it should also be remembered that 
. Sornetimes 
impact modifiers do not show an obvious improvement at room 
ternperature, but can increase ductility of the materials and provide toughness in 
njore demanding situations such as at low temperature, high strain rate and/or when 
110tched. To determine whether impact modifiers should be used for impact strength 
,, 11hancement of either solid or 
foamed PVC-U, it is therefore very important to 
specify the required impact strength and the type of impact test needed to reflect the 
actual end-use performance requirement. 
j3ased upon these facts and the overall findings in this study, the following are the 
, Commendations 
for the use of impact modifiers to improve the impact strength in re 
,.,, Olid and 
foamed PVC-U: 
To obtain the best impact strength enhancement at low cost, the most efficient 
impact modifier (which has the smallest rubber particle size) should be used at 
the optimum levels. Since the impact reinforcement mechanism is similar for 
both the solid and foamed PVC-U, the impact modifier which is the most 
effective for impact strength enhancement of the solid PVC-U is expected to 
have the same effect on the foamed PVC-U. 
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(2) Since the increase of impact strength due to the impact modifiers in the free- 
foamed profiles shown in Chapter 5 is marginal, the use of impact modifiers in 
this case is not likely to be profitable. This recommendation is however valid 
only for profiles with densities around 0.6 g/cm3 and further study is required to 
examine the effect of impact modifier content on impact strength at other 
densities. 
(3) In the co-extruded PVC-U profiles, the results shown in Chapter 6 would not 
support the use of the impact modifiers in the skin layer for improving the 
impact strength. However impact modified skins are useful to extend the 
ductility, if conditions which increase brittleness (such as notching) are 
experienced. 
7.2 Suggestions for Further Work 
The results in Chapters 3 showed that the most suitable filter frequency for the 
IFWI tests at 3 m/s is 3 kHz. It was then decided to use a filter frequency of 3 
kHz for all IFWI tests. However, it was found that a filter frequency of 3 kHz is 
not adequate to remove the noise in the force-deflection traces for impact tests 
at impact velocities 4 m/s and above for brittle materials, resulting in unreliable 
data. Further investigations are needed to overcome the problem by using 
different filter frequencies. The other possible method which can be used to 
improve the accuracy of the results is mechanical filtering, i. e. a thin rubber 
sheet applied to the impact surface of the specimen to damp the dynamic effect. 
This should also be investigated. 
In the study of the impact enhancement of solid PVC-U, the formulation used 
was based upon a commercial window profile formulation but without any filler 
and pigment. It would be interesting to investigate the influence of the 
following on toughening mechanism and impact strength enhancement: 
(a) filler type and level 
(b) interactions between filler and modifier, in terms of toughening. 
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(3) In the study of the variation of impact strength with impact modifier content for 
free-foamed PVC-U (Chapter 5), the amount of blowing agent was kept 
constant at 2 phr. This area needs further investigation to see how the impact 
strength varies with impact modifier content if different types and levels of 
blowing agent (hence different sample densities) are used. 
(4) In foam extrusion, processing conditions (i. e. heat and shear history) play an 
important role in determining the rate and degree of decomposition of the 
chemical blowing agentý thus influencing the properties of the foamed extrudate. 
This area needs further investigation to see the how the properties of the 
extrudate would depend upon the processing conditions in new foam 
formulations containing the impact modifier. 
(5) This initial work on impact-modification of extruded PVC-U foam has given 
interesting results. This method of improving the impact strength of foamed 
PVC-U can also be extended to other processes of manufacturing PVC products 
such as in injection moulding, or to other foamed polymers such as 
polypropylene. 
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Appendix 3.1: Raw Data for IFWI Test at 3 m/s 
Blend MO 
-40°C 
Sample 1 D 
(mm) 
1 
a 
(rmn) 
D-a 1 
(MM) 
1 B 
(imn) 
1 Area 
(mný) 
1 F. E 
(MJ) 
1. S 
(kEný) 
Fracturc 
Type* 
1 6.14 1.21 4.93 3.08 15.18 32.31 2.13 3 
2 6.03 1.19 4.84 3.15 15.25 38.35 2.51 3 
3 6.07 1.36 4.71 3.09 14.55 34.32 2.36 3 
4 6.05 1.21 4.84 2.98 14.42 38.04 2.63 3 
5 6.17 1.23 4.94 3.10 153 1 , 40.81 2.66 3 
Avema ce r 
E 2.46 
S. D 0.22 
-0-C -I 
Sample D 
(mm) 
I a 
(MMI 
D-a 
(min) 
I B 
(mm) 
Area I 
(m ) 
FE Ls 
(kj/n, 2 
Fracture- 
B22 
1 6.08 1.36 4.72 3.04 1 14.35 34.83 2.43 3 
2 6.18 1.53 4.65 2.92 13.57 35.15 2.59 3 
3 6.02 1.31 4.71, 3.00 14.13 
. 
38.93 2.76 3 
4 6.09 1.47 4.66 2.98 13.86 33.42 2.41 3 
5 6.08 1.36 4.72 3.01 14.21 36.85 2.59 3 
Aver c+ 
i 
2.56 
S. 
ýa 
1 0.14 
1 20 `C 
Sample D I 
(mm) 
I 
a 
(mm) 
D-a I 
(mm) 
I B 
(mm) 
Area 
(mm) 
FE 
-(22 
Ls 
(U/mlý 
Fracture- 
T M 
1 6.04 1.34 4.70 2.91 13.68 37.85 2.77 -. 3 
2 6.08 1.31 4.77 2.85 13.59 30.10 2.21 3 
3 5.92 1.19 4.74 2.86 13.56 1 31.41 2.32 3 
4 6.12 1.30 4.82 3.04 14.65 33.63 2.29 3 
5 6.08 1.31 4.77 2.86 13.64 30.10 2.26 3 
6 6.12 1.44 4.68 2.96 13.85 39.33 2.84 3 
Awmc 2.45 
S. D 0.28_ 
457C-1 
-- Sample D 
(mm) 
a 
(MM) 
D-a 1 
(MM) 
B 
(mm) 
Area 
ýmmý) 
RE 
(!! D 
I. S 
M2ý (kJ/ 
Fracture 
rrýpc 
1 6.09 1.28 4.81 3.01 14.91 39.97 2.68 3 
2 6.09 1.30 4.79 2.99 14.32 32.77 2.89 3 
3 6.04 1.33 4.71 2.90 13.66 32.36 2.37 3 
4 6.07 1.27 4.80 2.86 13.73 31.81 2.32 3 
5 6.01 1.27 4.74 2.86 13.56 30.30 2.24 3 
6 6.06 1.27 4.77 
1 
2.96 14.12 30.30 2.15 3 
Average I 2.44 
S. DI I -- 0.28 
Appcndixes 
F 600C 
Sample 1 D 
(mm) 
a 
(mm) 
D-a 
(mm) 
B 
(mm) 
Area 
(nUn2) 
F. E 
(MJ) 
I. s 1 
(kj/M2) 
1 
Fracture 
Type 
1 6.20 1.45 4.75 2.86 13.59 39.70 2.92 3 
2 6.02 1.24 4.78 2.92 13.96 45.48 3.25 3 
3 6.00 1.24 4.76 2.90 1 13.80 44.89 3.25 3 
4 5.98 1.14 4.84 2.89 13.99 35.38 2.52 3 
5 6.14 1.35 4.79 3.13 14.99 46.00 3.18 3 
6 5.99 1.29 4.70 2.91 13.68 47.72 3.49 3 
ANemge 3.10 
S. D 0.34 
r-m---r -I 
Samplc D 
(mm) 
a 
(mm) 
D-a 
(mm) 
B 
(inm) 
I Area 
(MM2) 
RE 
(MI) 
IS Fracturc 
TVDC 
1 6.19 1.47 4.72 3-12 1 14.73 927 62.93 1 
2 6.03 117 4.76 2.99 14.23 858 60.30 1 
3 6.01 1.28 4.73 3.13 14.80 906 61.22 1 
4 5.99 1.28 4.71 2.97 1. . 48 1 
5 6.13 1.38 4.75 3.13 14.87 993 66.78 1 
6 5.99 1.26 4.73 3.15 14.90 991 66.51 1 
A,. =gc 1 63.45 1 
S. D_ 
_I 
2.45___ 1 
lEglend NII 
4O C 
Sampic D 
(mm) 
a 
(mm) 
D-a 
(nun) 
B 
(mm) 
I Area 
(Mrw) 
FM 
- 
MJ) 
-Lrnl 
LS 
(kj/M2) 
I Fmcturc 
-- 
! me 
1 6.02 133 4.69 2.87 13.46 41.97 3.12 3 
2 6.08 1.24 4.84 2.92 14.23 44.73 3.16 3 
3 6.13 1.30 4.83 2.92 14.10 46.01 3.26 3 
4 6.10 1.29 4.81 2.89 13.95 40.84 2.95 3 
5 6.20 1.54 4.66 2.85 13.28 39.04 2.94 3 
6 6.19 1.48 4.71 2.91 13.71 44.40 3.24 3 
1 Avcrap-c I 1 3.11 
1 S. DI 1 0.14 
lb "(' 
-Sampie D 
(mm) 
a 
(mm) 
D-a 
(MM) 
B 
(MM) 
Area 
(m12) 
F. E 
(n-J) 
1 1. S 
(kJ/mý) 
Fracture 
1 6.11 1.39 4.72 2.86 13.50 41.42 3.07 3 
2 6.20 1.32 4.83 2-88 14.06 48.94 3.48 3 
3 6.09 1.32 4.77 2-86 13.64 1 47.16 3.46 3 
4 6.12 1.45 4.67 2.86 13.36 45.36 3.39 3 
5 6.20 1.39 4.82 2.90 13.98 46.04 3.29 3 
6 6.06 1.42 4.64 2.88 13.45 45.52 3.40 3 
3.35 
0.15 
Appendixes 
20 'C 
Sample D 
(nun) 
a 
(mm) 
D-a 
(mm) 
B 
(mm) 
1 Area 
(MM) 
EE 
(MJ) 
1. S 1 
(kj/M2) 
Fracture 
jýrm 
1 621 1.39 4.82 2.91 14.03 66.79 4.76 3 
2 5.80 1.09 4.71 2.90 13.83 77.42 5.67 3 
3 5.95 1.17 4.78 2.96 14.15 62.80 4.38 3 
4 5.90 1.29 4.61 2.87 13.23 67.69 5.12 3 
5 6.16 1.40 4.76 2.82 13.23 65.74 4.89 3 
6 5.95 1.22 4.73 2.88 13.62 81.45 5.98 3 
A-. =gc 1 5.13 
S. D 0.60 
r F-I -3-0-'C 
Sample D 
(mm) 
a 
(mm) 
D-a 
(mm) 
B 
(mm) 
Area 
(mm) 
I RE 
(mJ) 
I IS 
(kj/M2) 
Fracture 
imc 
I 
1 6.05 1.45 4.60 2-86 13.16 106 8.02 2 
2 6.02 1-30 4.72 2.91 13.74 131 9.53 2 
31 5.99 1.36 4.63 2.90 1 12.96 83.80 6.46 3 
4 5.91 1.24 4.67 2.81 13.12 75.56 5.76 3 
Avcrage 7.44 
S. D 1.68 
5 6.09 1.41 4.68 2.89 13.53 482 35.66 1 
6 6.08 1.27 4.81 2.88 13.85 531 38.39 1 
j Avcrage 1 37.03 
S. D1 1.93 
40C 
- Sampic D 
(mm) 
a 
(mm) 
D-a 
(nun) 
B 
(nun) 
Area 
(am? ) 
RE 
(MJ) 
I IS 
(kj/M2) 
Fmcturc F 
Type 
=-Mmý 1 6.20 1.46 4.74 2.86 13.56 541 39.95 1 
2 6.02 1.25 4.77 2.80 13.36 554 41.40 1 
3 6.10 1.40 4.70 2.90 13.63 451 33.13 1 
4 6.14 1.52 4.67 2.86 13.35 533 39.93 1 
5 6.05 1.13 4.92 2.92 14.36 528 36.77 1 
6 6.03 1.27 4.76 2.85 13.56 487 35.91 1 
Avcra c Z y 
1 37.74 + 
- S7-D 
1 2.98 
r-j-; n --V- I 
Kampie D 1 
(mm) (mm) 
D-a 
(mm) 
B 
(mm) 
Area 
(nlrh2) 
EE 
(M1) 
I. s 
(kj/M2) 
Fracture 
1 5.85 1.05 4.80 2.83 13.58 513 38.54 1 
2 6.19 1.49 4.70 2.83 13.30 511 38.42 1 
3 6.16 1.52 4.64 2.83 1 13.13 545 41.50 1 
4 5.97 1.33 4.64 2.90 13.46 556 41.34 1 
5 
W 
6.07 1.37 4.70 2.89 13.58 518 38.17 1 
, Avcr3 c 
39.16 
SD 
-ä - 
1.70 
Appendixcs 
Blend M2 
-40 C 
Sarnple D 
(mrn) 
a 
(mm) 
1 D-a 
(MM) 
1 
B 
(MM) 
Area 1 
(mn, 2) 
EE 
(n1J) 
1 I. s 
"M2) 
Fmcture 
1 5.97 1.15 4.82 2.96 14.27 41.36 2.90 3 
2 6.00 1.25 4.75 3.02 14.35 40.11 2.80 3 
3 6.18 1.41 4.77 3.12 14.88 39.54 2.66 3 
4 6.18 1.35 4.83 2.90 14.01 38.05 2.72 3 
5 6.18 1.41 4.77 3.02 1 14.41 46.69 3.24 3 
6 6.00 1.31 4.69 2.90 13.60 36.31 2.67 3 
Average 1 1 2.83 1 
S. D 1 1 1 0.22 1 
0 --c 1 
Sample D I 
(mm) 
a 
(mm) 
D-a 
(mm) 
B 
(mm) 
Area 
(, nZn2) 
RE 
(nJ) 
IS 
(kJ/m2 
Fracture 
1 6.08 1.42 4.66 2.94 13.70 38.71 2.83 3 
2 6.15 1.36 4.79 2.99 14.32 42.00 2.93 3 
3 6.00 1.15 4.85 3.00 14.55 42.00 2.89 _ 3 
4 6.08 1.39 4.69 2.99 14.02 39.69 2.83 3 
5 6.15 1.42 4.73 3.03 14.33 42.83 2.99 3 
Average 2.89 
S. D 0.07 
r--2P-C-l 
Sample I D 
(mm) 
I a 
(mm) 
D-a 
(mm)--I 
B 
(mm) 
I Area 
(mire) 
RE 
(MJ) 
Ls 
(kj/m2ý 
Fracture 
,_ 
I= 
1 6.19 1.47 4.71 - 3.15 14.84 44.38 2.99 3 
2 5.96 1.05 4.91 2.92 14.34 37.70 2.72 3 
3 6.06 1.30 4.76 3.15 14.99 41.18 2.75 3 
4 6.16 1.45 4,71 3.15 14.84 43.34 2.92 3 
5 6.14 1.45 4.69 2.91 13.47 36.57 2.68 3 
6 6.11 1.42 4.69 2.86 13.41 42.42 3.16 3 
Average 2.87 
S. D 0.19 
ý4O *-Cl 
Sampic 
- 
D 
(mm) 
a 
(mm) 
D-a 
(mm) 
B 
(mm) 
Area 
(mm) 
RE IS 
(U/m2ý 
Fracture 
Zo 
1 6.10 1.42 4.68 2.97 13.90 55.22 3.97 _ 3 
2 5.93 1.09 4.84 3.08 14.91 47.45 3.18 3 
3 6.09 1.31 4.78 2.93 14.00 46.10 3.29 3 
6.04 1.33 4.71 2.90 13.66 46.19 3.38 3 
5 
P 
6.02 1.29 4.73 3.00 14.19 45.76 3.22 3 
6.06 1.39 4.67 2.97 13.87 44.33 -3.20 3 
Average 3.37 
S. D 0.30 
Appcndixcs 
-m-c I 
Sample D 
(mm) 
a 
(MM) 
D-a 
(mm) 
B 
(mm) 
Area 
(MM7ý 
EE I. s Fracture 
DM 
1 6.18 1.45 4.73 2.99 14.14 412 29.18 1 
2 6.00 1.38 4.62 2.97 13.72 570 41.57 1 
3 6.05 1,34 4.71 2.91 13.71 552 40.30 1 
4 6.02 1-32 4.70 2.92 13.72 510 37.17 1 
5 6.01 1-38 4.63 2.90 13.43 487 36.23 1 
Avcrage 36.89 
S. D 4.83 
r-60-'C--l 
Sample D 
(MM) 
a 
(mm) 
D-a 
(MM) 
B 
(MM) 
Area 
(mn, 2) 
F. E 
(MJ) 
1 i. s_ 
(kj/rn2) 
Fracture 
1 6.19 1.33 4.86 3.00 14.58 605 41.50 1 
2 6.13 1.28 4.85 3.01 14.60 583 39.93 1 
3 6.07 1.25 4.82 2.93 14.12 547 38.70 1 
4 6.12 1.30 4.82 2.91 14.02 598 42.60 1 
5 5.87 1.23 4.64 2.96 13.73 621 4532 1 
Avemge 41.60 
S. D 2.51 
Blend M3 
71- 
r- --A-fl --r -I 
Sample D 
(mm) 
a 
(mm) 
D-a 
(mm) 
B 
(mm) 
I Area 
(mm) 
F. E Ls 
. 
(kJ/n. 12) 
Fracture 
2ýa 
1 6.10 1.35 4.75 2.90 13.78 36.81 2.67 3 
2 6.00 1.29 4.71 2.92 1.75 37.92 2.75 3 
3 6.08 1.35 4.73 2.92 2.92 13.81 43.15 3.17 3 
4 5.97 1.25 4.72 2.84 13.88 45.71 3.29 3 
5 6.20 1.49 4.71 3.04 14.32 35.87 2.50 3 
Average 2.87 
S. D 0.33 
(Sc 
Samvle D 
(mm) 
a 
(MM) 
D-a 
(MM) 
B 
(MM) 
Area 
(MM2) 
F. E 
. 
1. S 
WIM 22 
Fracturc 
2ý22 
1 6.18 1.44 4.74 2.90 13.75 60.08 4.47 3 
2 6.08 1.37 4.71 2.92 13.75 62.87 4.56 3 
3 5.86 1.14 1 4.72 2.84 13.40 48.45 3.62 1 3 
4 6.15 1.47 4.68 2.93 13.71 56.31 4.10 - 3 
5 6.13 1.30 4.83 2.83 13.69 49.95 3.65 3 
4.06 
S. D 1 1 1 1 0.42 
Appcndixcs 
r-2-0*C I 
Sample D 
(MM) 
a 
(mm) 
D-a 
(mm) 
B 
1 
(mm) 
Area ý 
(MM2) 
FE 
(Mj) 
1. S 
J; M2 
:Z 
]Fmcture 
Type 
1 5.94 1.24 4.70 2.90 13.63 547 40.28 1 
2 5.87 1.06 4.81 2.96 14.23 669 47.04 1 
3 6.20 1.41 4.79 2.88 13.80 607 43.98 1 
4 6.14 1.40 4.74 2.87 13.60 553 40.96- 1 
5 5.87 1.18 4.69 2.94 13.97 588 42.64 1 
6 
k 
5.99 1.25 4.74 2.94 13.94 561 40.24 1 
Avem c 41.56 
S s. E S. D 1.67 A 
r -4 -0*7C7 
Samplc I D 
(min) 
a 
(mm) 
D-a I 
(mm) 
B 
(mm) 
I Area 
(Mlw) 
RE 
(MJ) 
IS 
(kj/M2) 
Fmcturc 
1 5.85 1.06 4.79 2.88 13.80 644 46.66 - 2 6.09 1.31 4.78 2.94 14.05 660 46.8 
3 6.07 1.31 4.76 2.92 13.90 653 46.97 
4 6.16 1.45 4.72 2.90 13.69 646 47.19 
5 6.15 1.45 4.69 2.86 13.41 621 46.30 
Avcragc 45.17 
S. D 2.08 
r-6-0 -*C-l 
Sample I D 
(mm) 
a 
(mm) 
D-a 
(mm) 
B 
(mm) 
1 Area 
(mm) 
FE 
(MJ) 
I Ls 
(kj/M2) 
I 
Fracture 
ZýM 
1 5.94 1.28 4.66 2.86 13.33 592 44.41 1 
2 6.17 1.38 4.79 2.86 13.70 606 44.23 1 
3 6.02 1.29 4.73 2.91 13.76 674 48.98 1 
4 6.12 1.33 4.79 2.85 13.65 605 44.32 
-: 
) 1 
6.17 1.40 4.77 2.90 13.83 645 46.63 
Average 45.17 
S. D 2.08 
Blend M4 
r---4-0*C 1 
Sample D I 
(mm) 
a 
(mm) 
D-a 
(mm) 
B 
(mm) 
Area 
(n=2) 
RE 
(Mi) 
I 
IS Fracture 
im 
1 6.10 1.39 4.74 3.00 14.27 46.63 3.27 3 
2 6.20 1.31 4.89 2.90 14.18 45.43 3.20 3 
3 
_5.96 
1.17 4.79 3.00 14.37 35.58 2.47 3 
4 5.94 1.14 4.80 3.00 14.40 1 39.77 2.76 3 
5 6.06 1.25 4.81 2.95 14.19 39.89 2.79 3 
6 6.11 1.35 4.76 3.00 14.28 35.75 2.50 3 
A Aver veragc _ 283 
S S., .J S. D 0.34 
Appendixcs 
A 
Sample D 
(mm) 
a 
(mm) 
D-a 
(mm) 
B 
(mm) 
Area 
(mM2) 
: 
RE 
(nij) 
I Ls 
(kj/M2) 
Fracture 
im 
1 5.87 1.11 4.76 2.91 13.85 61.75 4.46 3 
2 6.18 1.48 4.73 2.96 14.00 50.87 3.63 3 
3 5.94 1.25 4.69 3.00 _ 14.07 67.89 4.83 3 
4 6.06 1.25 4.81 3.07 14.77 55.30 3.74 3 
5 5.90 1.17 4.73 2.99 14.14 60.72 4.29 3 
6 6.17 1.41 4.76 3.03 14.43 47.71 3.30 3 
Average 4.04 
- S. D 0.58 
n 'C 
Sample D 
(MM) 
1 
a 
(MM) 
1 D-a 
(mm) 
B 
-(mm) 
1 Area 
(nM2) 
EE 
(MD 
I. s 
(kJ/mý) 
Fracture 
- 
DM 
1 5.87 1.11 4.76 2.91 13.85 500 36.07 1 
2 6.18 1.48 4.73 2.96 14.00 525 37.48 1 
3 5.94 1.25 4.69 3.00 14.07 1 577 41.07 1 
4 6.06 1.25 4.81 3.07 14.77 489 33.10 1 
5 5.90 1.17 4.73 2.99 14.14 618 43.70 1 
6 6.17 1.41 4.76 3.03 14.43 609 42.20 1 
Avem c 38.94 
SE Ss .D 
--'-I 
4ft -V' 
Sample D 
(MM) 
a 
(MM) 
1 D-a 
(MM) 
B 
(MM) 
Area 
(rnm? ) 
EE 
(MJ) 
1. S 
(kl/m2) 
Fracture 
DM 
1 5.97 1.19 4.78 3.01 14.39 600 41.68 1 
2 6.09 1.43 4.66 3.01 14.03 609 43.46 1 
3 6.19 1.35 4.83 2.93 14.16 687 48.55 1 
4 6.12 1.46 4.68 2.90 13.57 605 44.58 1 
5 6.00 1.25 4.75 2.93 13.92 611 43.89 1 
Avemra c - 
44.43 
Ss 
ý 
ED 2.54 
r-.. ot, I 
Sample D 
(min) 
a 
(MM) 
1 D-a 
(mm) 
B 
(MM) 
1 Area 
(min) 
EE 1. S 
2 2,. J/M ý 
Fmcture 
im 
1 6.00 1.33 4.67 3.02 14.10 612 43.46 1 
2 6.14 1.41 4.73 2.91 13.76 614 44.62 1 
3 6.00 1.22 4.78 2.89 13.81 639 46.29 1 
4 6.19 1.36 4.83 2.87 13.86 621 44.78 1 
5 6.12 1.38 4.74 2.87 13.60 618 45.46 1 
44.92 
S. D 1.05 
Appcndixes 
0.1 m Notched Samples 
Blend M3 
F-0 oc 
Sample D 
(mm) 
a 
(mm) 
I D-a 
(mm) 
IB 
(mm) 
Area 
(Mrw) 
II RE Ls 
(kj/M2) 
Fracture 
1 6.18 1.50 4.68 2.86 13.39 130 9.7 2 
2 6.05 1.37 4.68 3.07 14.37 147 10.23 2 
3 6.00 1.34 4.66 2.86 13,33 
'139 
10.43 2 
4 6.15 1.48 4.67 2.94 13.73 140 10.20 2 
5 6.02 1.35 4.67 3.09 1 14.43 135 9.35 2 
6 6.08 1.42 4.66 3.06 14.26 147 10.30 2 
veýýj e 10.04 
S. D 0.42 
Classification of Fracture Type*: 
Type 1: Ductile fracture with formation of an eUiptical shaped stress whitening zones near the cdgc 
and on the fracture surface 
Typc 2: Brialc ftacturcuith whitening in the fracture surface 
Typc 3: BrittIc fracwm mithout whitcning 
Appendins 
Appendix 3.2: Raw Data for IF%Vl Test at 20 *C 
Blend MO 
lm/s 
Sample D, 
(MM) 
a 
(MM) 
D-a 
(mm) 
B 
(mm) 
Area 1 
(MM2) 
. 
FE 
(MJ) 
Ls 
- 
(kJ/n)7) 
Fmcturc 
Type 
1 6.03 1.27 4.76 2.96 14.09 29.40 2.09 3 
2 5.98 1.27 4.71 2.86 13.47 30.71 2.28 3 
31 5.88 1.13 4.75 2.86 13.59 30.98 2.28 3 
4 6.10 1.37 4.73 2.86 13.53 30.12 2.23 3 
5 6.10 1.39 4.71 2.88 
. 
13.56 32.53 2.40 3 
6 6.18 1.44 4.74 3.07 14.55 30.85 2.12 3 
Average 2.23 
S. D 0.11 A 
1 M/S I 
. 
Sample D 
(mm) 
a 
(mm) 
D-a 
(mm) 
B 
(mm) 
Area 
(mm) 
RE 
(nij) 
, 
Ls 
(kJ/n? ) 
Fracture 
Type 
1 6.00 1.27 4.73 2.90 13.72 30.85 2.25 3 
2 6.02 1.37 4.65 2.86 13.30 30.91 2.19 3 
3 5.95 1.25 4.70 2.96 13.44 34.52 2.57 3 
4 6.03 1.34 4.69 3.09 14.49 35.67 2. T6- 3 
5 6.12 1.37 4.75 3.07 14.58 33.36 2. FT 3 
6 5.96 1.18 4.78 3.05 14.58 35.76 2.4ý 3 
1 AAvcMgC 
- 
2.37 
s- D 1- 0.15 
r-3-. d-. I - 
Sample D 
(mm) 
a 
(MM) 
13-a 
(mm) 
B 
(mm) 
Area 
(mm2) 
RE 
(n1j) 
Ls Fmcturc 
T ! -YPC 1 6.04 1.34 4.70 2.91 13.68 37.85 2.77 3 
2 6.08 1.31 4.77 2.85 13.59 30.10 2.21 3 
3 5.92 1.19 4.74 2.86 13.56 31.41 2.32 3 
4 6.12 1.30 4.82 3.04 14.65 33.63 2.29 3 
5 6.08 1.31 4.77 2.96 13.64 30.10 2.26 3 
6 6.12 1.44 4.68 2.96 13.85 39.33 2.84 3 
Average 2.45 
S. D 0.28_ 
Appendixcs 
Blend MI 
ri-n'Wý 
Sample D 
(MM) 
a 
(nun) 
D-a 
(mm) 
B 
(MM) 
Area 
(Mne) 
RE 
(MJ) 
Ls 
(kj/M2) 
Fracture 
Týw 
1 614 1.48 4.76 2.85 13.37 339 24.98 1 
2 6.18 1.50 4.68 2.88 13.48 275 20.37 1 
3 6.20 1.40 4.74 2.98 13.65 220 16.18 1 
4 6.14 1.27 4.87 2.88 14.02 234 16.67 -- - 1 
5 6.00 1.34 4.66 2.87 13.37 396 29.66 1 
Average 21.57 
S. D 5.73 
2 M/3 
Sample D 
(mm) 
a 
(mm) 
D-a. 
(mm) 
B 
(mm) 
Area 
Qnný) 
-- 
RE 
(nj) 
IS 
)ý 
Fracture 
- 
Type 
1 6.11 1.43 4.68 2.96 13.85 62.86 - 4.54 3 
2 6.00 1.28 4.72 2.90 13.69 84.27 6.15 3 
3 6.14 1.19 4.95 2.89 14.31 101 7.06 2 
4 6.00 1.30 4.70 2.87 13.49 95.73 7.09 2 
5 6.18 1.39 4.79 2.94 14.08 98.74 7.01 3 
6 6.19 1.50 4.69 2.94 13.79 76.55 5.55 3 
7 6.17 1.46 4.71 2.94 13.85 96.17 6.94 3 
Average 6.33 
S. D 0.98 
3 mf 
Sample D 
(mm) 
a 
(mm) 
D-a 
(mm) 
B 
(mm) 
- 
Area 
. 
(, nM2) 
_, 
RE 
(mj) 
Ls 
(U/mý) 
Fracture 
_ 
TMx 
1 6.21 1.39 4.82 2.91 14.03 66.79 4.76 3 
2 5.80 1.09 4.71 2.90 13.83 77.42 5.67 3 
3 5.95 1.17 4.78 2.96 1 14.15 62.80 4.38 3 
4 5.90 1.29 4.61 2.87 13.23 67.69 5.12 3 
5 6.16 1.40 4.76 2.82 13.23 65.74 4.89 3 
6 5.95 1.22 4.73 2.88 13.62 81.45 5.98 3 
Average 5.13 1 
S. D 
Appendins 
Blend M2 
Sampie D 
(mm) 
a 
(MM) 
D-a 
(mm) 
B 
(nun) 
Area 
(MM2) 
EE 
(MJ) 
1. S 
_(kJ/irý) 
Fmcture 
TYM 
1 5.94 125 4.69 3.00 14.51 48.60 3.45 3 
2 6.18 1.45 4.73 3.02 14.28 47.80 3.35 3 
3 6.00 1.22 4.78 3.00 14.34 49.75 3.47 3 
4 6.18 1.44 4.74 2.85 13.51 43.47 3.22 3 
5 6.18 1.43 4.75 2.85 , 13.78 39.94 2.95 3 
6 5.98 1.22 4.76 3.15 13.90 41.87 2.79 3 
7 6.11 1.28 4.83 2.86 13.82 45.28 3.28 3 
6.18 1.43 4.75 2.85 13.78 42.79 3.16 3 
3.21 
0.24 
r- 2mls 1 
Sample D 
(mm) 
a 
(mm) 
D-a 
(mm) 
B 
(mm) 
Area 
(MM2) 
RE 
(MJ) 
Ls 
(kj/M2) 
Fracture 
Type 
1 6.17 1.48 4.69 3.04 13.81 39.12 2.74 3 
2 6.20 1.50 4.70 3.01 13.97 37.47 2.65 3 
3 5.89 1.20 4.69 3.03 14.21 41.53 2.92 3 
4 6.14 1.43 4.71 3.15 14.84 49.59 3.26 3 
5 6.08 1.32 4.76 2.89 13.71 42.14 3.07 3 
6 6.05 1.30 4.75 2.96 14.06 44.19 3.14 3 
Average 2.96 
I S. D 0.24 
3 mI 
Sample D 
(mm) 
a 
(nun) 
D-a 
(nun) 
B 
(mm) 
Area 
(MM2) 
F. E 
(nLj) 
Ls 
(kJ/M2) 
Fracture 
Type 
1 6.18 1.47 4.71 3.15 14.84 44.38 2.99 3 
2 5.96 1.05 4.91 2.92 14.34 37.70 2.72 3 
3 6.06 1.30 4.76 3.15 14.99 41.18 2.75 3 
4 6.16 1.45 4.71 3.15 14.84 43.34 2.92 3 
5 6.14 1.45 4.69 2.91 13.47 36.57 2.68 3 
6 6.11 1.42 4.69 2.86 13.41 42.42 3.16 3 
Average 2.87 
S. D 0.19 
Appendixes 
BI "MM3 
2 mI% 
Sarn131 
,c D (MM) 
a 
(MM) 
D-a 
(mm) 
B 
(MM) 
Area 
(mmý) 
FýE 
(MJ) 
, 
I. s 
2 (kJ/m ) 
Fracture 
Type 
1 6.14 1.40 4.74 2.94 13.99 632 35.17 1 
2 6.08 1.31 4.77 2.90 13.83 612 44.24 1 
3 6.07 1.25 4.82 2.96 14.27 643 45.09 1 
4 5.98 1.28 4.70 2.96 13.91 561 40.31 1 
5 6.00 1.44 4.75 2.88 13.54 555 48.38 1 
6 6.07 1.36 4.71 2.92 13.57 621 45.76 1 
Average 44.82 
2.62 
I mI 
Sample D 
(mm) 
a 
(mm) 
D-a 
(nun) 
B 
(mm) 
I Area 
(nIM2) 
F. E 
(MJ) 
Ls 
(kj/M2 ) 
Fracture 
Type 
1 5.94 1.24 4.70 2.90 13.63 547 40.28 1 
2 5.87 1.06 4.81 2.96 14.23 669 47.04 1 
3 6.20 1.41 4.79 2.88 13.80 607 43.98 1 
4 6.14 1.40 4.74 2.87 13.60 553 40.66 1 
5 5.87 1.18 4.69 2.94 13.97 588 42.64 1 
6 5.99 1.25 4.74 
1 
2.94_ 13.94 561 40.24 1 
Average 41.56 
_ S. D 1.67 
r-A -1.. 1. 
-1 
%MIC 1 D 
(mm) 
a 
(mm) 
D-a 
(MM) 
B 
(MM) 
Area 
(mirj) 
F. E 
(n-J) 
1. S 
(kj/M2) 
Fracture 
Type 
1 6.09 1.38 4.81 3.00 14.13 608 43.04 1 
2 6.15 1.. 50 4.65 2.93 13.62 635 46.63 1 
3 6.00 1.28 4.72 2.96 13.97 494 34.33 1 
4 6.03 1.22 4.81 2.96 14.24 548 38.54 1 
5 6.13 1.37 4.76 2.95 14.04 604 43. i3 
6 6.03 1.32 4.71 2.95 13.94 562 40.24 
Average 40.96 
4.2Z__ L_ 
F--C---f. -I 
Saniple a n 
- 
1 pie D 
(mm) 
a 
(mm) 
D-a 
(MM) 
B 
(min) 
Arm 
(mm 2) 
FE 
(Mi) 
, 
I. s 
(Irj/m 2) 
Fracture 
TVM 
1 1 
S 
6.02 1.25 4.77 2.95 14.07 190 13.50 2 
2 2 5.91 1.18 4.73 2.95 13.95 249 17.85 2 
N e Avera c r ac 15.68 
S S. D D 
h 
3.08 
3 6.14 1.40 4.74 2.95 13.98 377 26.37 1 
4 6.20 1.48 4.72 2.93 13.83 593 42.90 1 
5 , 6.05 1.28 4.77 2.93 13.98 593 42.42 1 
Z 
vem V-c r-a e A 37.23 
S. D 9.41 
Appendixcs 
#Z nil. 
Sample D 
(mm) 
a 
(mm) 
D-a 
(mm) 
B. 
(mm) (Area mmý) 
RE 
(mj) 
IS 
(kj/M2) 
1 .1 
Fracture 
Type 
- 
1 6.02 1.35 4.67 2.93 13.68 160 11.70 2 
2 5.93 1.19 4.74 2.94 14.08 162 11.52 2 
3 6.01 1.32 4.69 2.94 13.79 136 9.86 2 
4 6.14 1.36 4.78 2.95 14.10 138 9.78 2 
5 6.00 1.30 4.70 2.96 13.91 166_ 11.99 2 
Average 
I 
10.97 
S. D I I I 1 1 1.06 1 1 
Blend M4 
mJs 
Sample 1 D 
(mm) 
a 
(MM) 
D-a 
(MM) 
B 
(MM) 
Area 
(mmý) 
F. E 
(MJ) 
Ls 
(kJ/m2) 
Fracture 
_ 
Type 
1 6. (0 1.34 4.75 2.96 14.06 552 39.20 1 
2 6.02 1.22 4.70 2.96 13.91 536 38.50 1 
3 6.02 1.32 4.70 3.09 14.52 628 43.26 1 
4 6.08 1.36 4.72 2.96 13.97 588 42.10 1 
5 6.06 1.25 4.81 2.95 14.19 546 38.00 1 
J Awrage 
I 
40.21 
S. D I I- 1 1 2.33 1 
r-7-- -1. -1 
Sample D 
(mm) 
a 
(nun) 
D-a 
(nim) 
B 
(mm) 
Area 
(Mn, 2) 
RE 
(nij) 
Ls 
(kj/m 2) 
1 
Fracture 
-Type 
1 5.87 1.11 4.76 2.91 13.85 500 36.07 1 
2 6.18 1.48 4.73 2.96 14.00 525 37.48 1 
3 5.94 1.25 4.69 3.00 14.07 577 41.07 1 
4 6.06 1.25 4.81 3.07 14.77 89 33.10 1 
5 5.90 1.17 4.73 2.99 14.14 618 43.70 1 
6 
4 [ 
6.17 1.41 4.76 3.03 14.43 609 42.20 1 
ge -AveT2 38.94 
S. D 4.06 
r--. - -1. -1 -sample 
D 
(MM) 
a 
(mm) 
D-a 
(MM) 
B 
(mm) 
Area 
(mm) 
F. E 
(MJ) 
IS 
(kJlrW)_ 
Fracture 
. 
1 5.89 1.20 4.69 3.00 14.07 172 12.22 2 
2 6.03 1.29 4.74 2.96 14.03 207 14.75 2 
3 6.12 1.35 4.80 2.88 13.45 195 14.50 2 
4 6.18 1.32 4.73 3.00 14.16 176 12.43 _ 2 
Average 13.48 
_ S. D 1.33 
6.07 1.25 4.74 3.04 14.19 565 . 82 
FAv 
39.82 
s 0.00 
Appendixes 
r--5 -M-11 -1 
Sample D 
(MM) 
a 
(mm) 
D-a 
(mm) 
B 
(mm) 
Area 
ý 
(MM2) 
RE 
(MJ) 
Ls 
(kJ/m2) 
Fracture 
Type 
1 6.18 1.31 4.87 3.14 15.29 138 9.88 2 
2 5.90 1.13 4.77 3.13 14.93 151 10.88 2 
3 5.90 1.13 4.77 2.96 14.12 168 12.21 2 
4 6.00 1.20 4.80 2.96 14.21 121 8.57 2 
5 6.15 1.40 4.75 2.94 13.97 146 10.45 2 
6 6.14 1.40 4.74 3.00 14.22 166 11.67 2 [ 
vera ver, C a C 10.61 
E 
.E SSS. D 
E 
1 j 1.30 
rn/q 
Sample D 
(MM) 
a (mm) D-a 
(mm) 
B (mm) I Area 
(mm) 
RE 
(MJ) 
IS 
_ 
(kJ/m2) 
Fracture 
Type 
1 6.16 1.44 4.72 2.97 14.02 151 10.77 2 
2 6.08 1.38 4.70 2.95 13.87 117 8.43 2 
31 6.01 1.28 4.73 2.88 13.62 111 8.14 2 
4 6.02 1.29 4.73 2.90 13.72 119 8.67 2 
5 6.16 1.38 4.78 2.97 1 14.20 159 11.20 2 
Average 9.44 
S. D 1.43 
Appendins 
Appendix 3-3: IFWI Test Raw Data at 40 T for Blends MO and M2 
Bicud MO 
-1 -M-7-s -I 
Sample 1 D 
(mm) 
a 
(mm) 
1 D-a 
(mm) 
B 
(min) 
Area 
(MM) 
EE 1 
(nii) 
1. S 1 
(kJIW) 
Fracture 
2ýZ 
1 6.20 1.50 4.70 2.85 13.40 23.46 1.5 3 
2 6.17 1.46 4.71 2.85 13.42 23.23 1.81 3 
3 6.20 1.46 4.74 2.92 13.84 30.60 1.84 3 
4 5.98 1.29 4.69 2.88 13.51 30.41 2.25 3 
5 6.10 1.36 4.74 3.08 14.60 36.43 2.50 3 
Average 2.03 
S-D 0.33 
r-2 m-/s--l 
Sample D 
(mm) 
a 
(mm) 
I D-a 
(mm) 
B 
(mm) 
Area 
(MM2ý 
RE 
(mi) 
I IS 
(kj/M2ý 
Fracture 
- 
1)z 
1 6-20 1.47 4.73 2.91 13.76 24.16 1.76 3 
2 6.14 1.05 5.09 3.06 15.58 38.80 2.49 3 
3 6.20 1.35 4.79 2.98 14.27 29.93 2.10 3 
4 6.20 1.46 4.74 2.86 13.56 28.00 2.07 3 
5 6.19 1.44 4.75 2.91 13.82 35.53 2.57 3 
6 6.18 1.39 4.79 2.89 13.84 42.19 3.05 3 
1 Average 2.34 
1 S. D 0.46 
F-7-n. 77s-l 
Sarnple I D 
(mm) 
a 
(mm) 
D-a 
(mm) 
B I 
(mm) 
Area 
(Mrw) 
F. E 
(nij) 
IS 
22/E) 
Fracture 
1 6.09 1.28 4.81 3.01 14.91 39.97 2.68 3 
2 6.09 1.30 4.79 2.99 14.32 32.77 2.89 3 
3 6.04 1.33 4.71 2.90 13.66 32.36 2.37 3 
4 6.07 1.27 4.80 2.96 13.73 31.81 2.32 3 
5 6.01 1.27 4.74 2.86 13.56 30.30 2.24 3 
6 6.06 1.27 4.77 2.96 14.12 30.30 2.15 3 
Average 2.44 
S. D 0.28 
Appcndixes 
Blend M2 
r-l -.. 71 
ý Sainple D 
(MM) 
a 
(MM) 
D-a 
(MM) 
B 
(mm) 
1 Area 
(MM2) 
EE 
(Mi) 
I. s 
(kj/M2) 
Fracture 
2ýz 
1 6.16 1.41 4.75 3.16 15.01 81.66 5.44 3 
2 6.10 1.38 4.72 3.25 15.34 76.86 5.01 3 
Avemge 5.23 
S. D 15.49 
3 6.15 1.44 4.71 3.20 15.07 333 22.10 1 
4 6.03 1.29 4.74 2.88 13.65 584 42.78 1 
5 6.21 1.46 4.75 3.14 14.92 321 21.51 1 
Average 32.44 
S. D 1 1 1 14.62 
-. 
r. m/s I 
Sample D 
(mm) 
a 
(mm) 
D-a 
(mm) 
I B 
(mm) 
I Area 
(mm) 
I F. E 
(mJ) 
I Ls 
(kj/M2) 
Fracture 
1 -- 6.12 1.43 4.69 3.15 14.77 48.35 3.27 3 
2 6.16 1.36 4.80 2.94 14.11 53.12 3.76 3 
3 1 6.05 1.34 4.71 3.22 15.17 75.01 4.94 3 
4 6.08 1.30 4.78 2.82 13.62 40.16 2.95 3 
5 6.11 1.32 4.79 3.20 15.33 82.80 5.40 3 
6 6.03 1.32 4.71 2.88 13.56 62.03 4.57 3 
4.39 
S. D 0.87 
r--37-1 
Sample D 
(MM) 
a 
(MM) 
D-a 
(MM) 
B 
m)] (mra) 
Area 
(nim7ý 
F£ 1. S Fracture 
DM 
1 6.10 1.42 4.68 2.97 13.90 55.22 3.97 3 
2 5.93 1.09 4.84 3.08 14.91 47.45 3.18 3 
3 6.09 1.31 4.78 2.93 14.00 46.10 3.29 3 
4 6.04 1.33 4.71 2.90 13.66 46.19 3.38 3 
5 6.02 1.29 4.73 3.00 14.19 45.76 3.22 3 
6 6,06 1.39 4.67 2.97 13.87 44.33 3.20 3 
Avcrage 3.37 
S. D 0.30 
Appendixes 
Appendix 3A: Thermal Analysis Raw Data 
Heat of Fusion Mean StdL PVC in Corrected Std. 
Values (a peak) Values Dev. Blend Mean Values Dev. 
0/9) 0/9) (0/0) 0/9) 
MO 1.748,1.549, 1.58 0-20 92.6 1.71 0.22 
1.810,1312, 
1.458 
ml 1.819,1.510, 1.68 0.18 87.4 1.92 0.21 
1.835,1.539 
M2 1.805,1 A31, 1.63 0.16 87.4 1.86 0.18 
1.655,1.674, 
1.428,1.770 
IM3 1.470,1.905, 1.60 0.20 87.4 1.83 0.23 
1.545,1.387, 
1.695. 
, 
ký44 
2.144,2.180, 2.10 0.11 88.8 2.36 0.12 
Appcndixcs 
Appendix 4.1: Raw Data from IFNVI Test in Determining Fracture Mechanics 
Parameters at 3 m/s 
Blend MO 
-40 * C7 
Sample Phi PJF 
(N) 
PL S 
(MPa) 
y FX Kc (MPa Gc 
1 0.69 50.11 25.89 1.78 32.31 1.60 2.50 
2 0.69 61.98 32.47 1.78 38.35 1.99 2.91 
3 0.63 50.84 26.79 1.80 34.32 1.77 2.90 
4 0.68 63.05 34.68 1.78 38.04 2.15 3.08 
5 0.67 53.48 27.19 1.78 40.81 1.70 3.16 
Average 1.84 2.91 
S. D. 0.22 0.25 
o-c ,, Samplc Phi P. F (N) PL s (hipa) y RE (Mi) Kc (MPa nlý) Gc (kJ/M2) 
1 0.63 44.98 24.02 1.80 34.83 1.59 2.98 
2 0.59 52-36 28.17 1.82 35.15 2.00 3.32 
3 0.65 61.88 34.15 1.79 38.93 1 2.22 3.32 
4 0.60 44.98 24.26 1.82 33.42 1.69 3.04 
5 0.63 57.97 31.26 1.80 36.85 2.07 3.19 
Avcrage 1.91 3.17 
S. D. 0.26 0.16 
F- 20 *C 1 
Sample Phi P. F 
(N) 
R. S 
(NIPa) 
y FE 
(mb 
Kc (MPa 
TIP-5) 
Gc 
(W/rrý) 
1 0.64 63.20 35.72 1.80 37.85 2.35 3.37 
2 0.65 50.94 29.01 1.79 30.10 1.88 2.68 
3 0.69 44.93 26.99 1.78 31.41 1.67 2.70 
4 0.64 48.79 27.04 1.79 33.63 1.77 2.96 
5 0.65 50.94 28.91 1.79 
1 
30.10 1.87 2.67 
6 0.69 60.81 31.95 1.81 39.33 2.21 3.54 
AveTagc I I 1 
1.96 2.99 
F- S. D. I I 1 
1 0.26 0.38 
Appendins 
Blend Ml 
1 40 *C I 
Sla, mnlc Phi P. F 
(N) 
PL S 
(NI]Pa) 
y RE 
(M])- 
Kc (MPa 
Mo. ) 
Ge 
(kJ/m2) 
1 0.64 71.29 41.12 1.80 41.97 2.69 3.78 
2 0.67 74.14 41-21 1.78 44.73 2.59 3.75 
3 0.65 81.47 44.55 1.79 46.01 2.87 3.95 
4 0.65 67.11 37.57 1.79 40.84 2.41 3.55 
5 0.58 70.18 38.44 1.82 39.04 2.75 3.79 
6 0.60 74.48 40.08 1.81 44.40 2.80 4.13 
1 Avemge 1 2.69 3.83 
t S. D. 0.17 0.20 
Fo -C I 
Samplc Phi P. F 
(N) 
P- s 
(NI]Pa) 
y RE 
(Mi) 
Kc (MPa 
niý) 
Gc 
(kj/M2) 
1 0.62 65.79 36.97 1.80 41.42 2.48 3.81 
2 0.64 78.83 42.72 1.79 48.94 2.78 4.27 
3 0.64 78.14 44.20 1.79 47.16 2.88 4.20 
4 0.61 73.75 41.31 1.81 45.36 2.85 4.28 
5 0.62 83.81 45.11 1.80 46.04 3.01 4.11 
6 0.62 73.64 41.78 1.81 45.52 2.85 4.24 
Avcmgc I 1 2.81 4.15 
S. D. I 1 0.18 0.18 
F- 20 *C 1 
, 
Samplc Phi P. F 
(M 
PL S 
(Mpa) 
y FE 
(mi) 
Kc (MPa 
ma) 
Gc 
1 0.62 8034 42.95 1.80 66.79 2.88 5.95 
2 0.83 82.10 53.02 1.77 77.42 2.96 5.69 
3 0.70 63.20 36.19 1.78 62.80 1 2.20 5.07 
4 0.66 69.09 41.49 1.79 67.69 2.59 6.08 
5 0.62 70.82 39.71 1.90 65.74 2.68 6.12 
6 0.68 94.41 55.56 1.78 81.45 3.44 6.97 
Avcragc I I I 2.79 5.98 
S. D. I I I 1 1 . 
0.41 o 
IEIIcnd M2 
r---70-0---C--l 
Sampic Phi P. F 
(N) 
R-S 
(wo 
y F. E 
(Mi) 
Kc (MPa 
MO. 5) 
Gc 
2 (kJ/m 
1 0.71 69.30 39.41 1.77 41.36 2.37 3.29 
2 0.67 68.08 37.57 1.79 40.11 2.37 3.30 
3 0.62 63.39 31.92 1.80 39.54 2.16 3.33 
0.63 58.71 31.80 1.79 38.05 2.10 3.35 
5 0.62 80.93 42.10 1.80 46.69 2.85 4.06 
6 0.65 59.39 34.13 1.79 36.31 2.22 3.22 
Avcr3gc 2.35 343 5"4,5 "J 
S. D. O. 
L7 :: t- 0. 
ý31 
Appcndixcs 
Io -C I 
Sample Phi P. F 
(N) 
R-S 
(MPa) 
y RE 
(mj)- 
Kc (MPa 
mo. ) 
Gc 
(kj/M2) 
1 0.61 _ 61.34 33.96 1.81 38.71 2.31 3.52 
2 0.63 69.50 36.87 1.90 42.00 2.44 3.62 
3 0.71 67.20 37.33 1.78 42.00 2.25 3.28 
4 0.62 61.64 33.46 1.80 39.69 2.25 3.50 
5 0.61 70.62 36.97 1.80 42.83 2.51 3.75 
AvcTagc 2.35 3.53 
S- D- 0.12 0.17 
20 'C I 
Sampic Phi P. F 
(N) 
P- S 
(Nipa) 
P. E. 
(mi) 
Kc (MPa 
MO. 5) 
Gc 
(OW) 
1 0.60 77.41 38.61 1.81 44.38 2.68 3.80 
2 0.71 66.47 39.23 1.78 37.70 2.38 3.09 
3 0.65 75-21 39.00 1.79 41.18 2.52 3.31 
4 0.61 75.80 38.05 1.81 43.34 2.62 3.69 
5 5 0.61 76.41 41.79 1.81 36.57 2.88 3.38 
L 
66 0.61 65.79 36.97 1.81 42.42 2.52 3.95 
vcj c 2.60 3.54 
S. D. L 0.17 0.31 
j3lend M3 
r--40 *C I 
Sample Phi PY 
(N) 
PL S 
(Nipa) 
y FE 
(mb 
Kc (MPa 
MU 
Gc 
1 0.63 56.17 31.23 1.80 36.81 2.06 3.28 
2 0.66 61.15 34.90 1.79 37.92 2.25 3.30 
3 0.63 67.50 37.27 1.80 43.15 1 2.46 3.81 
4 0.67 71.16 40.75 1.79 45.71 2.57 3.88 
5 0.59 49.67 25.50 1.81 35.87 1.79 3.20 
Average 2.23 3.49 
_S. 
D. 0.31 0.32 
o. c 
S=plc Phi P. F 
(N) 
P, S 
WPM 
y FE Kc (MPu 
M0.5 ) 
Gc 
(ki/n? ) 
1 
F 
0.70 84.54 45.93 1.78 60.08 2.74 4.78 
2 0.63 79.90 44.41 1.80 62.87 2.96 5.63 
3 0.72 71.79 44.17 1.78 48.45 2.65 4.06 
4 0.60 81.12 43.92 1.81 -%. 31 3.05 5.20 5 0.65 79.85 45.05 1.79 49.95 2.91 4.43 
AV Cý7c 2.86 4.82 
- - S. D. 0.16 
Appendixes 
Blend M4 
1 -40 *C 
I 
Sample Phi RIF 
(N) 
P, S 
(Nu1j) 
y 
- 
FE 
(mi) 
Kc (MPa 
M" ) 
Gc 
(kj/M2) 
1 0.63 76.87 40.64 1.80 46.63 - 2.78 4.09 
2 0.65 73.80 39.72 1.79 45.43 2.57 3.91 
3 0.69 48.50 27.86 1.78 35.58 1.66 2.83 
4 0.70 63.49 36.72 1.78 39.77 2.16 3.11 
5 0.61 64.62 33.40 1.80 39.89 2.30 3953 
6 0.63 50.45 27.21 1.90 35.75 1.78 3.07 
Average 1 2.21 1 3.42 : S. D. 1 0.44 1 -0 
Ns" 
o -C 
Sampic Phi P. F 
(N) 
R. S 
(Nulal) 
y RE 
(MI) 
Kc (MPa 
Mý5) 
Gc 
(kJ/ni2) 
1 0.60 78.49 42.82 1.81 61.75 2.96 5.76 
2 0.67 76.68 44.36 1.79 50.87 2.82 4.37 
3 0.68 85.81 46.43 1.78 67.89 1 2.90 5.51 
4 0.67 79.80 45.85 1.79 55.30 2.90 4.71 
5 0.61 82.69 44.03 1.81 60.72 3.02 5.47 
6 0.63 75.41 41.25 1.79 47.71 2.72 4.22 
A-. vmgc 2.89 1 5.00 
S. D. 0.11 1 0.66 
Appendixes 
Appendix 4.2: Raw Data from IFWI Test in Determining Fracture Mechanics 
Farameters at 20 OC 
l3lend MO 
Sample PM PJF 
(N) 
RS 
(NIPa) 
y F. E 
(mi) 
Kc (MPa 
MU) 
Gc 
(U/m) 
1 0.66 55.19 30.77 1.79 29.40 1.96 2.49 
2 0.66 58.07 34.07 1.79 30.71 2.17 2.71 
3 0.72 59.98 36-39 1.78 30.98 2.17 2.55 
4 0.63 52.99 29.88 1.80 30.12 1.99 2.75 
5 0.62 58.75 32.89 1.79 32.53 2.21 2.97 
6 0.61 65.01 33.27 1.90 30.85 2.28 2.68 
Average 2.13 2.69 
S. D 0.13 0.17 
2 niJ 
Sample I Phi P. F 
(N) 
P, S 
(Nipa) 
y RE 
(MI) 
Kc (MPa 
Mý) 
Gc 
(kJ/m2) 
1 0.66 52.50 30.17 1.79 30.85 1.92 2.68 
2 0.63 51.43 29.77 1.79 30.91 1.88 2.85 
3 0.67 62.03 36.76 1.78 34.52 2.27 3.02 
4 0.64 57.00 30.44 1.79 35.67 1 1.92 3.00 
5 0.63 60.81 31.73 1.77 33.36 1.77 2.83 
6 0.78 58.17 33.91 1.77 35.76 1.92 2.58 
Awmge 1.96 283 
S. D 0.17 
1 mit 
Samplc I Phi P. F 
(N) 
R. S 
(Nipa) 
y FE 
(mj) 
Kc (MPa 
0-5) 
Gc 
(U/ný) 
1 0.64 63.20 35.72 1.80 37.85 2.35 3.37 
2 0.65 50.94 29.01 1.79 30.10 1.88 2.68 
3 0.69 44.93 26.99 1.78 31.41 1.59 2.58 
4 0.64 48.79 27.04 1.79 33.63 1.66 2.78 
5 0.65 50.94 28.90 1.79 30.10 1.87 2.67 
6 0.69 48.79 27.04 1.81 39.33 2.21 3.54 
Avcrage I 11 1.96 2.99 
S. D 0.26 0.38 
Appendixcs 
Blend Ml 
2 m/s 
I 
Samplc Phi P. F 
(N) 
P, S 
(Nuli) 
y RE 
(MJ) 
Kc (MPa 
mo-5) 
Gc 
(kj/M2) 
1 0.61 81.27 44.13 1.81 62.86 3.02 5.68 
2 0.66 83.64 50.94 1.79 84.27 3.26 7.35 
3 1 0.69 97.48 53.68 1.78 101 1 3.29 8.23 
4 0.65 89.62 52.04 1.79 95.73 3.36 8.52 
5 0.62 94.80 50.66 1.80 98.74 3.40 8.75 
6 0.59 91.14 49.54 1.82 76.55 3.42 7.10 
7 0.61 98.90 53.02 1.81 96.17 3.67 
Average 3.35 
S. D 0.20 
r3mls 
Samplc I Phi P. F 
(N) 
R. S 
Mpa) 
y FE 
(Mi) 
Kc (MPa 
np) 
Gc 
(kJ/m2) 
1 0.62 80.34 42.95 1.90 66.79 2.88 5.95 
2 0.83 82.10 53.02 1.77 77.42 2.96 5.69 
3 0.70 63.20 36.19 1.78 62.80 2.20 5.07 
4 0.66 69.09 41.49 1.79 67.69 2.59 6.08 
5 0.62 70.82 39.71 1.90 65.74 2.68 6.12 
6 0.68 94.41 55.56 
_j 
1.78 81.45 3.44 6.97 
Avcrage 2.79 5.98 
- S. D 0.41 0.62 -l 
olend A12 
mis I 
Samplc Phi P. F 
(N) 
PL S 
(Nipa) 
y FE 
(mi) 
Kc (MPa 
nP) 
Gc 
(W/n? ) 
1 0.67 77.12 43.71 1.79 48.60 2.76 4.06 
2 0.61 78.34 40.75 1.81 47.80 2.81 4.23 
3 0.68 71.99 39.99 1.78 49.75 2.49 4.06 
4 0.61 71.84 39.60 1.81 43.47 2.72 4.06 
5 0.61 71.94 39.66 1.81 39.94 2.71 3.72 
-6 0.68 73.02 38.89 1.78 41.87 2.42 3.26 
7 0.66 73.65 41.39 1.79 45.28 2.65 3.94 
8 0.61 70.13 39.66 1.81 42.79 2.64 3.98 
A's e 2.65 3.91 
Ss . ;. D 0.13 0.30 
Appcndi. xcs 
1 m/s 
I 
Sample Phi PY 
(N) 
RS 
(MPa) 
y F. E 
(Mi) 
Kc (MPa 
mo-S) 
Gc 
(kl/m2) 
1 0.60 61.11 31.68 1.81 39.12 2.21 3.49 
2 0.59 62.32 32.32 1.82 37.47 2.27 3.39 
3 0.69 63.83 36.43 1.78 41.53 2.25 3.37 
4 0.61 72.33 36.54 1.81 48.59 2.50 4.11 
5 0.64 63.93 36.03 1.79 42.14 2.35 3.74 
6 0.65 67.40 37.33 1.79 44.19 2.41 3.79 
Average 2.33 3.63 
S. D 0.11 0.28 
1 
-1 . 7.1 Sample Phi PY 
(N) 
PL S 
(MN) 
y FE 
(MJ) 
Kc (MPa 
mo-5) 
Ge 
(kJ/m2) 
1 0.60 77.41 38.61 1.81 44.38 2.68 3.80 
2 0.71 66.47 39.23 1.78 37.70 2.38 3.09 
3 0.65 75.21 39.00 1.79 41.18 2.52 3.31 
4 0.61 75.80 38.05 1.81 43.34 2.62 3.69 
5 0.61 76.41 41.79 1.81 36.57 2.88 3.38 
6 0.61 65.79 36.97 1.81 42.42 2.52 3.95 
Average 2.60 
- 1-3.54 S. D 0.17 0.11 
Blend M3 
1 M/s 
I 
Sample Phi PY 
(N) 
P, S 
(MPU) 
y 
- 
FE 
(mi) 
Kc (MPa 
MOIS) 
Ge 
(kJ/m) 
1 0.67 116.9 65.61 1.79 190 4.14 15.98 
2 0.70 121.1 70.52 1.78 249 4.31 20.43- 
Average 4.23 18.21 
S. D 0.24 3.15 
1 m/s 
I 
Sample Phi P. F 
N 
R. S 
(MPa) 
y FE 
(mJ) 
Kc (MPa 
MO. ) 
Ge 
(kJ/m2) 
1 0.64 111.2 62.83 1.80 160 4.15 14.26 
2 0.69 105.0 60.94 1.78 162 3.74 13.38 
3 0.65 114.1 64.47 1.80 136 4.20 11.92 
4 0.63 114.5 61.77 1.80 138 4.09 12.08 
5 0.65 107.0 60.25 1.79 106 3.89 14.33 
Average 4.01 13.19 
S. D. 0.19 1.15 
Appcndi. xcs 
Blend M4 
1 m/q 
I 
Sample Phi P. F 
(N) 
P, S 
(MPa) 
y RE 
(mi) 
Kc (MPa 
M0.5 ) 
Ge 
(kJ/m2) 
1 0.69 106.9 61.63 1.78 172 3.81 _ 14.08 
2 0.66 113.9 63.50 1.79 207 4.08 17.70 
3 0.63 119.7 66.58 1.80 195 4.39 17.44 
4 0.64 112.6 58.96 1.79 176 3.84 14.77 
Average 4.03 16.00 
S. D. 0.27 1.84 
I 
-,; miq 
I 
Sample Phi P. F 
(N) 
PL S 
(Mpa) 
y F. E 
(MJ) 
Kc (MPa 
0-5) 
Gc 
(kJ/m') 
1 0.65 106.1 53.08 1.79 138 3.44 _ 11.0 1 
2 0.72 108.2 59.58 1.78 151 3.56 11.33 
3 0.72 107.4 62.54 1.78 168 3.73 13.33 
4 0.69 104.2 58.67 1.78 121 3.62 9.88 
5 0.62 110.9 54.44 1.80 146 3.67 13.04 
6 0.62 104.4 55.38 1.80 166 3.74 14.56 
Average 3.63 12.19 
S. D. 
j 
-- 
-1 
0-11 1.74--j 
1 m/s I 
Sample Phi P. F 
(N) 
I- S 
(MPa) 
y FE 
(m]) 
Kc (MPa 
Tno's) 
Ge 
(kj/M2) 
1 0.61 69.3 37.02 1.81 151 2.54 13.62 
2 0.63 70.59 38.84 1.80 117 2.00 10.42 
31 0.66 80.98 46.71 1.79 111 2.99 9.73 
4 0.66 83.72 47.80 1.79 119 3.07 10.40 
5 0.63 125.10 66.60 1.80 159 4.45 13.92 
Average 3.13 11.62 
S. D. 0.77 1.99 
Appcndixcs 
Appendix, 4.3: Raw Data for Yield Stress Analysis 
(A) Temperature O*C 
(1) Crosshead Speed 5 mm/min 
I Blcnd MO-1 
Samplc Thickncss Width X-scctional Yicld Point Yicld Strcss 
(MM) (mm) Arca (mm) (N) (MPa) 
1 3.30 4.49 14.82 870.5 58.75 
2 -3.65 4.58 16.72 986.3 58.99 
3 3.43 4.31 14.78 880.0 59.54 
4 
. 
3.66 4.46 16.32 996.2 61.04 
5 3.46 4.59 15.88 981.7 61.82 
Mean 60.03 
Std. Dev. 1.34 
Blend MI. 
Sample T'hickness Width X-sectional Yield Point Yicld Stress 
(mm) (mm) Area (mm) (N) (MPa) 
1 2.83 4.39 12.42 634.0 51.03 
2 2.83 4.50 12.74 643.9 50.56 
3 2.50 4.56 11.40 550.8 48.32 
4 2.76 4.53 12.50 627.1 50.16 
5 2.70 4.51 12.18 618.7 50.81 
Mean 
I I 11 
50.18 
1 
Std. Dev. 1.09 
I Blend M2--j 
Sample Thickness - Width, X-sectional Yield Point Yield Stress 
(MM) (mm) Area (mrn) 
, 
(N) 
- 
(Mpa) 
1 2.27 4.53 10.28 519.6 50.53 
2 2.24 4.40 9.95 517.3 52.01 
3 2.20 4.30 9.46 473.8 50.08 
4 2.19 4.33 9.48 481.4 50.77 
5 2.23 4.34 9.68 498.2 51.48 
Mean 1 -- 
I i 50.97 1 
I Std. Mv. I , I1 1 0.77 
Appcndixcs 
I Blend M3 I 
Samplc Thickncss Width X-scctional i Yicld Point Yicld Strcss 
(mrn) (mm) Area mm) N) (Mpa) 
1 2.89 4.38 12.66 
F 
593.6 46.89 
2 2.89 4.47 12.92 602.7 46.66 
3 2.83 4.49 12.30 566.1 46.04 
4 2.90 4.48 12.98 597.4 46.04 
5 2.87 4.39 12-38 579.4 46.82 
6 2.87 4.49 12.89 599.7 46.54 
7 2.84 4.40 12.50 580.6 46.46 
F cý 
46.49 
std , 
J 0.34 
I Blend M4--l 
Sample Tbickness Width X-sectional Yield Point Yield Stress 
(MM) (MM) Area (mm) (N) (MPa) 
1 2.98 4.45 13.26 610.4 46.03 
2 2.87 4.52 12.95 589.0 45.50 
3 2.89 4.47 12.92 565.3 43.76 
4 2.91 4.47 13.00 569.2 43.76 
5 2.90 4.52 13.11 601.2 45.86 
6 2.85 4.20 11.97 528.7 44.17 
7 2.92 4.20 12.44 562.3 45.20 
Mean 44.90 
Std. Dev. 0.98 
(2) Crosshead Speed 25 mm/min 
I Blend MO-1 
Sample Thicimcss Width X-sectional Yield Point Yield Stress 
(mm) (mm) 
- 
Area (mm) (N) 
-- 
(Mpa) 
1 3.49 4.30 15.00 949.9 63.29 
2 3.43 4.17 14.30 955.2 66.80 
3 3.20 4.37 13.98 912.5 65.27 
4 3.36 4.38 14.72 972.3 66.05 
5 3.25 4.55 14.83 956.0 04.45 
MM 
- 
65.17 k-sgt- 
CL Xv. 1.37 
--1 
Sample Thickness Width X-sectional Yield Point Yield Stress 
(mm) Area (mm) (N) (Mpa) 
1 2.89 4.31 12.46 636.0 51.06 
2 2.89 4.44 12.83 625.6 48.76 
-3 2.85 
4.40 12.54 637.1 50.80 
4 2.88 4.38 12.62 648.7 51.41 
5 2.90 4.42 12.82 641.6 50.06 
Mean 50.41 
Std. Dev. 1. 
lfflýnd M, 71 
-- Sample - - Thickness Width X-sectional 
Yield Point Yield Stress 
(MM) (MM) 
- 
Area (mm) (N) (mpa) 
1 2.85 4.53 12.91 631.7 48.93 
2 2.85 4.49 12.79 637.4 49.84 
3 2.89 4.44 12.83 624.8 48.70 
4 2.92 4.20 12.26 608.8 49.64 
5 2.95 4.21 12.42 596.6 48.04 
Mean 49.03 
Std. Dev. 0.73 
Appcndixcs 
(B) TcMpcýaturc 20 OC 
- (1) Crosshiid Speed 5 mm/min 
I Blend MO -1 
Sample Thickness Width X-scctional Yield Point Yield Stress 
(mm) (mm) Area (mm) (N) (MPa) 
1 3.34 4.35 14.53 764.52 52.62 
2 3.32 4.25 14.11 767.7 54.41 
3 3.12 4.33 13.51 704.1 52.12 
4 3.13 4.31 13.49 693.3 51.39 
5 2.99 4.42 13.22 660.4 49.97 
Mean 
II I 1 1 
52.10 
Std. Dev. 1.63 
I Blend Ml -1 
Sample Thickness Width X-scctional Yield Point Yield Stress 
(mm) (nun) Arca (mm) (N) (mpa) 
1 2.22 4.43 9.83 458.5 46.62 
2 2.76 4.55 12.56 570.2 45.40 
3. 2.60 4.45 11.57 533.7 46.13 
4 2.82 4.33 12.21 520.3 42.61 
5 2.81 4.38 12.31 559.7 45.47 
6 2.83 4.33 12.25 556.2 45.39 
Mean i i i 45.27 ] 
I Std. Dev. I I I 1 1 1.39 
I Blend M2 -1 
Sample Thickness Width X-scctional Yield Point Yield Strcss 
-(mm) 
(mm) Area (mm) 
I -(Mpa) 1 2.33 4.33 10.09 470.0 46.58 
2 2.36 4.52 10.66 508.1 47.66 
3 2.33 4.50 10.48 489.8 46.72 
4- 2.32 4.35 10.09 488.2 48.38 
5 2.32 4.37 10.14 459.3 45.30 
6 2.34 4.39 10.27 482.9 47.01 
Mean 46.94 
Std. Dcv. 1.0 
Appcndixcs 
I Rlpnd MM 
Sample Thickness Width X-scctional Yield Point Yield Stress 
(mm) (mm) Area (mm) (N) (Mpa) 
1 2.84 4.48 12.73 540.1 42.45 
2 2.82 4.37 12.32 517.2 41.97 
3 2.87 4.33 12.43 528.3 42.51 
4 2.92 4.34 12.67 528.7 41.72 
5 2.91 4.40 12.80 526.8 41.14 
Mean 
1 
41.90 
Std. Dev. 0.56 
I Blend M4-1 
Sample Thickness Width X-sectional Yicld Point Yield Strcss 
(MM) (MM) Area (mm) (N) Mpa) 
1 2.87 4.40 12.63 507.0 40.15 
F 
2 2.86 4.39 12.56 523.4 41.69 
3 2.91 4.42 12.86 535.2 41.61 
4_j 2.86 4.42 12.64 499.3 39.50 
5 2.85 4.35 12.40 499.7 40.31 
Mean 40.65 
Std. Dev. I I- I. I [__ 
_ 
0.96 
(2) Crosshcad Speed 25 mnilmin 
I Blýnd MO -1 
Sample Thickness Width X-sectional Yield Point Yield Strcss 
. (MM) (mm) Area (mm) 
_- - 
(N) (Mpa) 
1 3.45 4.34 14.97 850.3 56.79 
2 3.54 4.32 15.29 869.4 56.85 
3 2.99 4.32 12.92 738.8 57.20 
4 2.85 4.53 12.91 714.2 55.32 
5, 2.85 4.42 12.60 692.0 54.93 
Mean 
I I I 1 
56.05 
1 
Std. Dev. 0.96 
I Riend Ml -1 
Sample Thickness Width X-sectional Yield Point YicId Stress 
(mm) (MM) Area (mm) (N) (MPa) 
1 2.56 4.41 11.29 538.6 47.71 
2 2.83 4.36 12.34 595.8 48.29 
3 2.21 4.36 9.64 453.2 47.03 
4 2.82 4.37 12.32 596.2 48.38 
5 2.75 4.59 12.62 646.3 51.20 
6 2.25 4.43 9.97 503.2 50.48 
7 '2.88 4.41 12.70 611.7 48.16 
Mean I i i- 1 48.75 ] 
I Std. Dev. I I 
-- --- -- 
I 1 1 1.51 
- 
Appcndixcs 
I Blend M2 -1 
Sample Thickness Width X-scctional Yield Point Yield Stress 
(MM) (mm) Area (mm) (N) (mpa) 
1 2.34 4.52 10.58 533.9 50.48 
2 2.31 4.50 10.40 520.6 50.08 
3 2.31 4.36 10.07 530.7 52.69 
4 2.32 4.38 10.16 510.0 50.19 
5 2.31 4.38 10.12 517.4 51.14 
Mean 
1 
50.92 
Std. Dev. 1.07 
I Blend M3 -1 
Sample Thickness Width X-sectional Yield Point Yield Strcss 
(mm) (mm) 
- 
Area (mm) (N) (Mpa) 
1 2.82 4.41 12.44 558.9 44.94 
2 2.79 4.40 12.28 561.9 45.77 
3 2.81 4.36 12.25 506.5 46.24 
4 2.82 4.39 12.38 563.0 45.48 
5 2.82 4.36 12.30 566.1 46.04 
1 Mean 45.69 
7Std. Dev. 
Blend M4 
Sample Thickness Width X-scctional Yield Point Yield Stress 
(mm) (mm) Area (mm 2) (N) MPa) 
1 2.96 4.33 12.38 557.8 45.06 
2 2.87 4.38 12.57 555.6 44.20 
3 2.90 4.43 12.85 572.5 44.55 
4 2.87 4.42 12.69 558.6 44.02 
5 2.86 4.36 12.47 563.5 45.19 
Mean 
1 
44.00 
StcL Dev. 0.33 
Appendixcs 
Appendix 5.1: IMI Test Raw Data for Rectangular Bar Samples at Im/s and 
20 *C 
r-1-719-11 --i 
Samples F. E. 
V) 
M. F. 
(N) 
D 
(MM) 
B 
(MM) 
I. S. 
(kJ/m2) 
Flexural 
Strength 
Mpa) 
1 2.346 151.1 10.73 3.55 3.97 100.57_ 
2 2.367 121.5 10.72 3.58 3.17 79.59 
3 2.560 160.0 10.74 3.55 4.20 106.39 
4 2.830 145.2 10.72 3.52 3.85 98.39 
5 2.220 148.2 10.82 3.58 3.83 96.18 
6 2.547 136.1 10.09 3.55 3.80 96.33 
Avcraee 3.80 96.24 
StcLDev_ 0.34 8.98 
r- -FF2 -1 
Samples F. E. ? vLF. 
(N) 
D 
(mm) 
B 
(Mm) 
I. S. 
(IJ10) 
Flexural 
Strength 
1 2.465 123.0 10.60 3.57 3.25 81.94 
2 1.808 98.12 10.65 3.29 2.80 76.61 
3 2.160 117.6 10.60 3.57 3.11 78.34 
4 2.204 117.8 10.64 3.57 3.10 78.18 
5 2.027 106.6 10.64 3.38 2.96 78.93 
6 1.885 99.98 10.65 3.26 2.88 79.50 
Aver2ge 3.02 78.92 
St&Dev 0.17 1.77 
I FF3 
Samples F. E. M. F. 
(N) 
D 
(mm) 
B 
(Mm) 
I. S. 
(UrrO) 
Flexural 
Strength 
(MPa) 
1 0.672 59.10 10.66 4.30 14.66 26.99 
2 0.598 56.36 10.32 4.22 13.73 27.60 
3 0.495 56.24 10.64 4.19 11.10 27.10 
4 0.619 53.38 10.42 3.99 14.89 28.96 
5 0.532 55.53 10.50 3.97 12.76 30.20 
6 0.510 64.49 10.67 4.19 11.41 30.98 
Average 13.09 28.64 
Std. Dev 1.61 1.68 
Appcndixcs 
FI1 
Samples F. E. 
M 
- 
M. F. 
(N) 
D 
(MM) 
B 
(nun) 
I. S. 
(kJ/m2) 
Flexural 
Strength 
(MPa) 
1 0.754 64.25 10.91 4.06 17.02 32.15 
2 0.619 48.08 10.70 3.75 15.43 28.76 
3 0.716 50.62 10.68 3.76 17.83 30.17 
4 0.498 48.13 10.78 3.62 12.76 30.66 
5 0.697 60.56 10.81 3.81 16.92 34.73 
6' 0.663 49.18 10.78 3.58 1 17.18 1 32.04 
Average I I 1 1 16.19---- -1 31.42 
StdDev I I 1 
-- 
1 1.86 2.05 
FF5 
Samples F. E. M. F. 
(N) 
D 
(mm) 
B 
(MM) 
I. S. 
(U/mý) 
Flexural 
Strength 
(Mpa) 
1 1.830 88.16 10.14 3.81 47.37 53.90 
2 1.676 79.85 10.06 3.59 46.41 55.43 
3 1.779 84.25 10.13 3.67 47.85 55.57 
4 1.825 84.20 10.16 3.52 51.03 60.20 
5 1.691 94.31 10.16 3.88 42.90 55.49 
6 1.723 88.89 10.18 3.56 47.54 62.01 
Average 47.18 57.10 
StcLDev 2.62 3.21 
-FF6 
Samples F. E. M. F. 
(N) 
D 
(mm) 
B 
(mm) 
I. S. 
(U/mý) 
Flcxural 
Strcngth 
(Mpa) 
1 1.434 79.37 10.42 3.26 42.21 64.51 
2 1.654 80.24 10.34 3.16 50.62 69.94 
3 1.415 72.58 10.43 3.00 45.22 69.59 
4 1.307 68.52 10.40 3.04 41.33 64.16 
5 1.527 76.19 10.19 3.15 47.57 67.82 
6 1.493 75.02 10.47 3.21 44.42 62.58 
Average 45.27 66.43 
Std. Dev 3.45 3.10 
Appcndixcs 
F7 
Samples F. E. M. F. 
(N) 
D 
(mm) 
B 
(mm) 
1. S. 
(kj/M2) 
Flexural 
Strength 
(mpa) 
1 1.430 75.90 10.45 3.24 42.23 62.27 
2 1.409 72.97 10.40 3.11 43.57 65.29 
3 1.420. 69.65 10.58 3.04 44.15 64.11 
4 1.626. 81.37 11.33 2.87 50.00 78,47 
5 1.364 73.31 10.39 3.14 41.81 64.41 
1.629 79.66 10.66 3.24 47.16 64.07 
1 44.82 66.44 
1 3.17 5.98 
---l 
Samples F. E. M. F. 
(N) 
D 
(mm) 
B 
(nun) 
I. S. 
(Whrý) 
FIcxuraI 
Strcngth 
(MPa) 
1 0.490 63.42 10.26 4.22 11.32 31.24 
2 0.495 61.47 10.10 4.12 11.90 32.27 
3 0.540 67.50 10.03 4.35 12.38 32.01 
4 0.434 61.27 10.10 4.20 10.23 30.95 
5 0.536 65.86 10.10 4.35 12.20 31.01 
61 0.489 1 59.39 10.15 4.01 12.01 32.75 
Average 11.67 31.70 
StcL Dev. 0.79 0.74 
r-F-"--l 
Samples F. E. M. F. 
(N) 
D 
(mm) 
B 
(mm) 
I. S. 
(U/mý) 
Flexural 
Strength 
(MPa) 
1 0.370 46.86 10.58 3.48 10.05 _ 32.92 
2 0.391 50.92 10.48 3.74 9.98 31.26 
3 0.427 46.13 10.56 3.51 11.52 31.01 
4 0.541 49.67 10.42 3.67 14.15 31.85 
5 0.440 51.14 10.66 3.79 10.89 30.06 
6 0.415 49.08 10.40 3.69 10.81 31.19 
Average 11.23 31.53 
StcL Dev. 1 1.54 0.95 
Appendins 
r- Wr -In --I 
Samples F. E. M. F. 
(N) 
D 
(nun) 
B 
(mm) 
I. S. 
(U/ný) 
Flexural 
Strength 
(MPa) 
1 0.400 62.44 10.68 4.11 9.11 31.15 
2 0.630 61.90 10.58 4.09 14.56 31.48 
3 0.516 52.70 10.60 3.94 12.36 28.82 
4 0.644 60.32 10.56 4.28 14.25 28.06 
5 0.527 57.34 10.75 3.83 12.80 32.73 
6 0.500 58.88 10.66 4.27 10.98 27.26 
7 0.513 62.64 10.68 4.26 11.27 29.09 
Average 12.70 29.80 'C 
StcL Dev. 1.48 2.0 
ý 
F-F-F 1-1 - -I 
Samples F. E. - 
(j) 
M. F. 
(N) 
D 
(mm) 
B 
(mm) 
I. S. 
(kJ/ni2) 
Flexural 
Strength 
(MPa) 
1 0.540 42.49 10.27 3.74 14.05 26.90 
21 0.511 50.28 10.37 4.10 12.01 25.96 
3 0.567 45.96 9.58 3.96 14.94 27.53 
4 0.617 5 F53 10.42 
Tio 14.44 26.48 
5 0.592 49.08 10.35 4.04 14.16 26.15 
,6 0.487 50.33 10.43 1 3.97 1 11.76 27.56 
Aver 13.56 26.76 
StcLDcv L34 0.68 
r FF127 
Samples F. E. 
V) 
M. F. 
(N) 
D 
(mm) 
B 
(mm) 
I. S. 
(Uhiý) 
Flc. xural 
Strength 
(MPa) 
1 0.620 48.57 10.09 4.09 15.02 25.90 
2 0.515 46.23 10.11 4.14 12.30 24.01 
3 0.563 45.74 10.15 3.90 14.22 26.67 
4 0.565 50.21 10.17 4.04 13.75 27.22 
5 0.500 45.47 10.12 3.80 13.00 28.00 
6 0.598 46.47 10.10 3.84 15.16 28.08 
Average 13.91 26.65 
Std. Dev 1.12 1.53 
Appcndixes 
Appendix 5.2: IMI Test Raw Data for Flexed Plate Samples at Temperature 
20 'C and Impact Velocity 3 m/s 
FF1 
Sample Iff 
(N) 
F. E. 
(J) 
B 
(MM) 
MF/B 
(N/mm) (J/Mm) 
1 2291 5.57 3.49 656.44 1.596 
21 1368 4.32 3.48 393.10 1.241 
3 1903 6.08 3.50 543.71 1.737 
4 1884 3.59 3.47 542.94 1.034 
5 1941 3.88 3.47 530.55 1.118 
6 
L 
1845 4.65 3.48 530.17 1.336 
ra e A 532.82 1.344 
- 
gD g 
StdDcv. 83.71 0.274 
I FF2 I 
Sample M. F. 
(N) 
F. E. 
Q) 
B 
- (mm) 
MRAB 
(N/mm) 
I. S. 
Q/mm) 
1 1127 4.33 3.47 324.78 1.248 
2 1527 4.93 3.50 436.29 1.409 
31 1458 3.67 3.48 418.97 1.050 
4 1068 3.60 3.48 306.90 1.034 
5 1680 4.72 3.57 470.59 1.322 
6 
L 
1758 3.72 3.51 500.85 1.060 
Aver. c 409.73 1.187 
StcL I Stcl. Dev. 78.22 0.161 
I vvt I 
Sample M. F. 
(N) 
F. E. 
(1) 
B 
(mm) 
M. F. /B 
(N/mm) 
I. S. 
- _(J/mm) 
1 636.1 1.75 4.17 152.54 0.420 
2 779.0 2.02 4.17 186.81 0.484 
33 567.7 2.00 4.17 136.14 0.480 
4 557.0 2.18 4.16 133.89 0.520 
5 504.3 1.78 4.13 122.11 0.430 
6 
[ 
578.5 2.49 4.11 140.75 0.610 
7 
g 
463.7 1.61 1 4.16 111.47 1 0.390 
Ae I 140.53 0.476 
Dev. S 
r 
ev. Sui D. I 24.27 0.074 
Appcndixcs 
r-y"E'A I 
Sample I IvLF. 
(N) 
FE. 
(j) 
B 
(mm) 
- 
M. F. /B 
(N/mm) 
I. S. 
Q/mm) 
1 606.1 2.54 3.89 156.21 0.655 
2 541.6 2.17 3.78 143.29 0.574 
3 623.2 2.38 3.81 163.56 0.625 
4 580.0 2.41 3.81 152.23 0.633 
5 844.9 2.88 3.92 215.53 0.735 
6 787.1 2.12 3.96 198.76 0.535 
7 559.5 2.02 3.78 148.01 0.534 
8 601.7 2.36 3.90 154.10 0.605 
9 500.1 1.45 4.00 125.03 0.363 d 
L 161.86 0.584 
1 
ýS FE Z. 
Stct Dev. I 1 1 28.11 1 0.104 
F -m-loc i 
Samplc NiF. 
(N) 
F. E. B 
(mm) 
M. F. /B 
(N/mm) 
I. S. 
(J/mm) 
1 945.1 3.65 4.14 228.28 0.882 
2 937.2 3.21 4.00 234.25 0.803 
3 945.1 3.64 4.12 229.39 0.883 
4 974.1 3.06 3.94 247.23 0.777 
5 806.8 2.97 3.94 204.77 0.754 
6 920.4 3.43 4.09 225.04 0.839 
7 829.3 3.21 3.94 210.48____ I_ 0.815 
Average 225.63 0.822 
StcLDcv. 14.30 0.049 
u-w-vr_ I 
Sample NW 
(N) 
F. E. 
(J) 
B MF/B 
M) 
I. S. 
(J/mm) 
1 844.2 2.72 3.08 274.09 0,883 
2 939.7 3.22 3.22 291.83 1.000 
3 674.0 2.81 3.10 217.42 0.906 
4 818.1 3.05 3.12 262.21 0.978 
5 864.0 3.18 3.20 270.00 0.994 
Average 263.11 0.952 
Std. Dev. 27.75 0.054 
Sample MF 
(N) 
_ 
F. E. 
(i) 
B 
(MM)- 
MF/B 
(N/mm) 
1. S. 
(j/MM) 
1 1358 4.39 2.94 461.90 1.493 
2 1090 2.91 2.88 378.47 1.010 
3 979.7 3.55 2.90 337.83 1.224 
4 975.6 3.08 2.89 337.58 1.066 
5 1241 4.21 2.92 425.00 1.442 
6 1558 4.03 2.91 535.40 1.385 
Avemge 412.70 1.270 
Shi Dem , 1- 1 1 V. 52 1 0.202 
1 
Appendixcs 
Sample NW 
(N) 
F. E. 
(1) 
B 
(nim) 
NWA3 I. S. 
(J/mm) 
1 472.0 1.29 4.14 114.00 0.31 
2 400.0 1.03 4.13 96.85 0.25 
3 491.8 1.56 4.17 117.93 0.37 
4 479.9 1.43 4.16 115.36 0.34 
5 517-2 1.68 4.20 123.14 0.40 
6 458.1 1.28 4.14 110.65 0.31 
Average 112.99 0.330 
SUL Dev. 8.94 0.053 
Sampie NT 
(N) 
F. E. 
(i) 
B 
(MM) 
NWA3 
(N/mm) 
1. S. 
1 402.7 1.39 3.72 108.25 0.374 
2 365.8 1.08 3.52 103.92 0.307 
3 316.0 0.84 3.69 85.64 0.228 
4 366.1 1.22 3.60 101.69 0.339 
5 381.7 1.20 3.57 106.92 0.336 
6 366.1 1.03 3.74 97.89 0.275 
7 345.8 1.09 3.55 97.41 0.307 
Avera 102.68 0.323 1 
1 Stct Dev. 1 .1 - 
4.52 1 0.034 
I rrin I 
Sample 
(N) 
F. E. 
Q) 
B MF/B 
M) 
I. S. 
(J/mm) 
1 495.5 1.60 4.22 117.42 0.38 
2 520.4 1.76 4.07 127.86 0.43 
3 503.1 1.84 4.08 123.31 0.45 
4 562.1 2.21 4.14 135.77 0.53 
5 496.2 1.64 4.05 122.52 0.40 
6 453.2 1.98 4.11 110.27 0.48 
7 453.2 1.38 4.04 112.18 0.34 
Average 1 121.33 0.430 
. St& Dev. 1 i-- 8.92 0.064 
tvvii I 
Sample NT 
(N) 
_ ___ 
F. E. 
(J) 
B 
(mm) 
MF/B 
(N/mm) 
I. S. 
M) 
1 581.4 2.57 4.06 143.20 0.633 
2 542.4 2.17 4.08 132.94 0.532 
3 526.9 2.11 4.03 130.74 0.524 
4 525.8 2.08 4.13 127.31 0.504 
5 447.6 1.67 4.07 109.98 0.410 
6 519.9 2.14 4.07 127.74 0.526 
7 587.5 2.63 4.13 142.25 0.637 
Average 
- -1 
130.59 0.538 
Std. Dev. 11.14 0.078 
Appendins 
I-rul, v I 
Sample 1 NIF 
(N) 
F. E. 
(i) 
B 
(mm) 
NW/B 
(N/nun) Mmm) 
1 521.6 1.91 4.05 128.79 0.47 
2 541.6 2.23 4.05 133.73 0.55 
3 557.5 2.34 4.07 136.98 0.57 
4 563.6 2.44 4.05 139.16 0.60 
5 606.3 2.77 4.09 148.24 0.68 
6 585.8 2.31 4.05 144.64 0.57 
Average 138.59 0.573 
SU Dev. 
i 
. 
7.10 1 0.068 
1 
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Appendix 5.3: IFWI Test Raw Data for Flexed Plate Samples at Temperature 30 
*C and impact Velocity 2m/s 
I rp? I 
Samplc UF. 
(N) 
F. E. 
(J) 
B 
(MM) 
M. F. /B 
(J/mm) 
-(J/mm) 
1 1637 5.57 3.45 474.49 1.61 
2 2094 4.82 3.50 598.29 1.38 
3 1440 5.64 3.46 416.18 1.63 
4 1411 6.24 3.45 408.99 1.81 
5 2204 6.42 3.48 633.33 1.85 
Avcragc 506.26 1.66 
Std. Dcv. 1 103.93 0.19 
1 ll? V2 
Sample NLF. 
(N) 
F. E. B 
(MM) 
M. F. /B 
(J/mm) (J/mm) 
1 586.3 2.26 4.14 141.62 0.55 
2 537.7 2.19 4.00 134.43 0.55 
3 557.8 1.99 4.07 137.05 0.49 
4 534.6 1.84 4.20 127.29 0.44 
5 591.9 2.16 4.23 139.93 0.51 
6 533.8 1.82 4.12 129.56 0.44 
Average 134.98 050 
StcL Dev. 5.69 
I VVI I 
Samplc 
(N) 
F. E. B 
(MM) 
NtFJB 
(J/mm) (J/mm) 
1 585.8 2.47 3.89 150.59 0.63 
2 511.4 2.12 3.90 131.13 0.54 
3 662.8 3.20 3.80 174.42 0.84 
4 544.3 1.78 3.78 143.99 0.47 
5 673 2.97 3.78 178.04 0.79 
6 633.2 2.60 3.89 162.78 0.67 
7 623 2.37 1 3.88 160.57 0.61 
Average 157.36 + 0.65 
StcL Dev. 16.69 0.13 
Appendins 
I FF5 I 
Sample M. F. 
(N) 
F. E. B 
(MM) 
M. F. /B 
(J/mm) 
I. S. 
(J/mm) 
1 883.0 2.65 4.05 218.02 0.65 
2 961.2 3.66 4.03 238.51 0.91 
3 1087 4.00 4.09 265.77 0.98 
4 1213 5.68 4.08 297.30 1.39 
5 1168 4.95 3.95 295.70 1.25 
6 852.7 3.29 4.04 211.06 0.81 
Average 254 * 39 1.00 
Stcl. Dcv. 37.76 0.28 
I FF6 I 
Sample ? VLF. 
(N) 
F. E. 
(J) 
B 
(mm) 
M. F. /B 
(JIMM) 
-- 
(J/mm) 
1 1005 3.19 3.17 317.03 1.00 
2 1407 3.94 3.21 438.32 1.23 
3 1575 4.57 3.13 503.19 1.46 
4 871.8 3.36 3.12 279.42 1.08 
5 1061 2.47 3.17 334.70 0.78 
6 1036 3.94 3.19 324.77 1.24 
7 1058 3.77 3.21 329.60 1.17 
1 Average ý 
361.00 1.20 
Dcv. 79.35 0.16 
Im 1 
Sample UF. 
(N) 
F. E. B 
(mm) 
NtF. IB 
(J/mm) 
I. S. 
Q/mm) 
1 2143 6.37 2.96 723.99 2.15 
2 2822 9.18 3.04 928.29 3.02 
3 1828 5.91 3.00 609.33 1.97 
4 2463 6.72 2.98 826.51 2.26 
5 1897 6.65 2.95 643.05 2.25 
Average 746.34 2.33 
Std- Dcv. I 1 1 131.79 0.403 
-1 
Appendins 
Sample NtF. 
(N) 
F. E. 
(J) 
B 
(MM) 
M. FJB 
(J/MM) 
I. S. 
(J/mm) 
1 709.9 1.70 4.15 122.87 0.41 
2 555.3 1.65 4.14 134.13 0.40 
3 609.3 2.17 4.13 147.53 0.53 
4 527.2 1.87 4.11 128.27 0.45 
5 548.2 1.94 4.11 133.38 0.47 
6 496.5 1.46 4.14 119.93 0.35 
7 599 1.74 4.19 142.96 0.42 
8 566.8 1.31 4.13 137.24 0.32 
Average 133.28 0.42 
Std. Dcv. 0.07 
Sample M. F. 
(N) 
F. E. 
(j) 
B 
(mm) 
M. F. /B 
(J/mm) 
--- 
(JIMM) 
1 377.8 1.15 3.60 10794 0.32 
2 399.8 1.41 3.70 108.05 0.38 
3 400 1.25 3.74 106.95 0.33 
4 447.6 1.46 3.61 123.99 0.40 
5 394.6 1.16 3.66 107.81 0.32 
6 421.5 1.36 3.68 114.54 0.37 
385.8 1.18 3.73 103.22 0.32 
109.93 0.35 
7.14 0.03 
I-F-Flo I 
Sample M. F. 
(N) 
F. E. B 
(MM) 
M. F. /B I. s. 
1 516.0 1.58 4.08 126.47 0.39 
2 580 1.74 4.10 141.46 0.43 
3 526.3 1.90 4.05 129.95 0.47 
4 527.7 1.61 4.05 130.30 0.40 
5 573.1 2.39 4.08 140.47 0.50 
6 641.5 3.01 4.17 153.84 0.72 
7 577.3 2.18 4.14 139.44 0.53 
i Averapze 1 137.42 0.49 
1 StcL Dev. 1 9 0.11 
Appcndixes 
I VVII I 
Sample NLF. 
. (N) 
F. E. 
(i) 
B 
(MM) 
M. FJB 
(J/mm) (j/MM) 
1 555.8 2.11 3.90 142.51 0.54 
2 583.9 3.03 3.92 148.95 0.77 
3 603.7 2.48 4.05 149.06 0.61 
4 541.9 2.12 4.01 135.14 0.53 
5 545.8 2.43 4.02 135.77 0.60 
6 553.1 2.27 4.03 137.25 0.56 
7 591.5 3.64 4.07 1 145.33 1 0.89 
Average 1 
1 142.00 1 0.64 
Std. Dev. 1 1 1 6.03 1 0.14 
1 
I 1FF12 I 
Sample M. F. 
(N) 
F. E. 
P) 
B 
(mm) 
M. F. /B 
Q/mm) 
- 
I. S. 
(J/mm) 
1 612.5 3.27 4.04 151.48 0.81 
2 579.7 2.36 4.06 142.78 0.58 
3 580.0 2.34 4.06 142.86 0.58 
4 583.1 2.49 4.08 142.92 0.61 
5 555.3 2.56 4.10 135.44 0.62 
6 574.4 2.54 4.10 140.10 0.62 
7 641.0 3.25 4.10 156.34 0.79 
I Average _ 1 144.56 0.60 
1 St& Dev. I 
i 
7.05 0.10 
Appcndixcs 
Appepd4 5.4: Flexural Test Raw Data for Free-Foamed PVC-U Samples 
I vrl I 
Sample Flexural Stress 
(MPa) 
Flexural Modulus 
(MPa) 
1 79.43 3040 
2 75.53 3016 
3 77.64 3472 
4 74.79 3474 
5 75.00 3392 
Average 76.48 3279 
Std. Dev. 2.00 231 
Sample Sam pe l Flexural Stress 
(MPa) 
Flexural Modulus 
(Mpa) 
I 64,58 2860 
2 2 6181 2694 
3 
L 
3 57.42 2545 
4 4 58.29 2706 
5 5 58.87 2542 
c Avcra c 60.39 2669 
t- ev . S Std. Dcv 
Std. Dcv. 3.12 132 11 
1 rv, 4 1 
Sample Flexural Stress 
(MPa) 
Flexural Modulus 
(MPa) 
1 19.43 880.8 
2 18.88 837.9 
3 18.65 863.9 
4 17.33 805.2 
5 18.41 839.3 
Average 18.54 669 
Std. Dev. 0.77 375 
I INVI I 
Sample Flexural Stress 
(MPa) 
Flexural Modulus 
(Mpa) 
1 19.78 780.9 
2 19.16 834.0 
3 19.33 905 
4 20.01 895.6 
5 19.42 888.4 
6 19.94 932.9 
Average 1 19.59 891.18 
Std. Dev. 1 0.38 36.15 
Appcndixcs 
I FF5 I 
Sample Flexural Stress 
(MPa) 
Flexural Modulus 
(Mpa) 
1 30.14 1319 
2 31.02 1462 
3 28.38 1252 
4 29.00 1274 
5 31.58 1410 
Average 30.02 1343 
Std. Dev. 1.34 89.82 
I FF6 I 
Sample Flexural Stress 
(MPa) 
Flexural Modulus 
(MPa) 
1 47.81 2033 
2 54.32 2137 
3 34.87 1559 
4 47.75 2259 
5 49.62 2042 
Average 46.87 2006 
Std. Dcv. 7.22 266 
1m1 
Sample Flexural Stress 
(Mpa) 
Flexural Modulus 
(MPa) 
1 51.13 2014 
2 42.27 1936 
3 43.77 1958 
4 45.27 2108 
5 42.89 2022 
Average 45.07 2007.6 
Std. Dcv. 3.57 66.92 
1 F" 1 
Sample Flexural Stress 
(MPa) 
Flexural Modulus 
(MP: a) 
1 21.90 1013 
2 21.06 966 
3 20.73 948 
4 20.47 975.5 
5 20.96 992.9 
6 21.31 1024 
Average 1 21.07 986.57 
Std- Dev. 1 0.50 1 28.89 
d 
Appendins 
1 
Sample Flexural Stress 
(MP3) 
Flexural Modulus 
(MPq) 
1 21.32 1020.0 
2 20.59 956.0 
3 18.67 890.0 
4 20.58 984.9 
5 19.95 971.0 
6 19.91 947.9 
Average 20.17 961.67 I 
Std. IX-V. 1 
- 
0.90 1 43.33 
1 
I rpla I 
Sample Flexural Stress 
(MPa) 
Flexural Modulus 
(MPU) 
1 18.15 786.9 
2 18.87 890.5 
3 19.30 894.1 
4 18.32 857.4 
5 19.16 845.7 
Average 18.76 854.92 
Std. Dev. 0.51 43.36 
I VFII I 
Sample Flexural Stress 
(MPa) 
Flexural Modulus 
(MPa) 
1 17.21 772.8 
2 18.52 799.8_ 
3 18.53 819.6 
4 16.50 790.9 
5 17.64 785.6 
Average 17.68 793.74 
I Std. Dcv. 0.87 1 
17.45 
I FF12 I 
Sample Flexural Strcss 
(Mpa) 
Flexural Modulus 
(MPa) 
1 18.27 784.4 
2 18.20 810.5 
3 17.65 760.3 
4 17.05 758.4 
5 16.02 733.7 
Average 17.44 769.46 
Std. Dev. 0.93 29.12 
Appendins 
Appendix 5.5: Derivation of Equation to Calculate Percentage of Material Save 
Due to Foaming 
The central deflection of a simply-supported rectangular-section beam in three-point 
loading can be calculated from a standard expression: 
8= WL3/48 EI (7.1) 
Where 8= The central deflection of a beam in three-point loading, W= Load, L 
Length, E= Modulus, I= yd Moment of Area (about bending axis). 
Rearranging Equation (7.1) in terms of flexural rigidity, we have: 
3 
El = WL /48 (7.2) 
Increasing the section thickness for a given weight of material in structural foam 
mouldings causes a significant increase in the stiffness of the material as predicted by 
the law of bending given below for a straight beam of uniform cross-section, loaded at 
its mid point and supported at its ends: 
For a rectangular section, 
I= DB3/12 (7.3) 
Where I= 2nd moment of area, D= width of sample and B= thickness of sample. 
When designing a foamed structure to replace a solid structure, one is not requiring a 
stiffer component, but rather the same stiffiness using less material. The criterion in the 
design is that both the solid and cellular beams should have flexural rigidity or stiffness. 
It foUows that, 
33 
DBF EF112 = DB s Es/12 (7.4) 
and therefore 
EF/Es = (B SBF)3 (7.5) 
where Es flexural modulus of the solid beam, EF = flexural modulus of the foamed 
beam, Bs thickness of solid beam and BF = thickness of foam beam 
AppcndLxcs 
This means the stiffness is proportional to the cube of the thickness: an important 
relationslýp wWch determines the tWckness effect on the central deflection of a 
sandwich beam in a three-point loading. From equation 7.5, the thickness of foamed 
beam' which gives the same th. ickness as the solid beam can be calculated. The 
thickness calculated can then be used to calculate the perccntagc of material saved. 
Percentage of material saved can be calculated using equation 7.6 (1). 
Percentage of material saved is given by: 
100 [(Ms MF) I MSI (7.6) 
= 100 [1- (MF/ MS)1 (7.7) 
where Ms = mass of solid material and MF - mass of foam. 
Ratio mass of foam to mass of solid is given by: 
MF / Ms = [03F pF) / (Bs/ p S)l 
Therefore percentage of material saved is given by: 
100 { 1- [(BF PF) / 03s PS) ,) 
Reference 
(7.8) 
(7.9) 
1. Collyer, A. A., Spedal RepoM High Perfonnance Plastks, 3. (1986) 1-7. 
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Appendix 5-6: IFWj Test Raw Data for Flexed Plate Samples at 30 T and 3 m/s 
Sample MF 
(N) 
F. E. 
Q) 
B 
(mm) 
MF/B 
(N/mm) 
I. S. 
(J/mIII) 
1 481.1 1.19 4.11 117.06 0.2%) 
2 548.5 1.77 4.16 131.85 0,425 
3 551.9 1.79 4.18 132.03 0.428 
4 509.9 2.31 4.20 121.40 0.550 - 
5 496.5 1.55 4.14 119.93 0.374 
6 546.3 1.57 4.14 131.96 0.379 
7 432.7 1.34 4.13 
-104.60 
0.324 
8 518.9 1.80 4.18 124.13 0.431 
Average 122.87 OAX) 
St&Dev. 9.47 0.079 
I FF3 I 
Sample IVF 
(N) 
F. E. 
(j) 
B 
(mm) 
MF/B 
(N/mm) 
I. S. 
0/tum) 
1 591.9 2.45 4.22 140.26 0.580 
2 519.7 1.83 4.20 123.74 0.435 
3 574.8 1.73 4.01 143.34 0,431 
4 614.2 2.42 4.15 148.00 0,583 
5 638.8 2.92 4.14 154.30 0.705 
6 563.4 2.12 4.06 138.77 0,522 
7 590.7 2.10 1 4.10 1 144.07 0.312 
Average 141.78 0.538 
StcLDev. 9.49 o. oo3 
I FF12 I 
Sample MF 
(N) 
- 
F. E. 
(J) 
B 
(mm) 
MF/B 
(N/mm) 
I. S. 
0/mm) 
1 586.6 2.41 4.09 143.91 0.599 
2 556.8 2.28 4.09 136.14 0.537 
3 539.2 2.16 4.08 132.16 0.529 
4 498.7 1.88 4.07 122.53 0.462 
5 614.2 2.93 4.10 149.80 0.713 
6 570.0 2.44 4.09 139.36 0.597 
7 611.7 2.55 4.09 149.56 0.623 
Average 139.07 0.581 
StdDcv. 9.82 0.087 
Appcndixcs 
Appendix 5.7: IFWI Test Raw Data for Flexed Plate Samples at 40 T and 3 m/s 
Sample NtF. F. E. 
(J) 
B 
(mm) 
MF/B 
(N/mm) 0/nim) 
1 623.9 2.38 4.17 149.62 0.571 
2 593.9 2.43 4.19 141.74 0.580 
31 574.4 2.23 4.15 138.41 0.537 
4 573.6 2.29 4.16 137.88 0.550 
5 495.0 1.77 4.11 120.44 0.4.11 
6 550.2 2.10 4.17 131.94 0,504 
7 496.2 1.59 4.11 120.73 0.387 
8 608.5 2.33 4.19 145.23 0.500 
9 506.2 1.55 4.11 123.16 0.377 
10 593.7 2.19 4.17 142.37 0.523 
11 507.9 1.85 1-4.11 - 1 
123.58 L 0.450 
Average 134.10 0.498 
StdDev. 
_10.61 
0.074 
I rvil I 
Sample M. F. 
(N) 
F. E. B 
(mm) 
MF/B 
(N/mm) (Mmin) 
1 579.7 2.96 4.07 142.43 0.727 
2 616.4 3.23 4.08 151.08 0.792 
3 643.7 3.93 4.10 1570) 0.958 
4 604.2 3.41 4.08 148.09 0.836 
5 639.8 4.37 4.11 155.67 1,063 
6 589.5 2.69 4,07 147.05 R 66 1 
7 595.8 3.50 4.10 145.32 0,854 
8 629.5 3.53 4.10 153.54 ON)i 
9 623.2 4.23 4.11 151.63 1.029 
10 648.1 3.72 4.10 158.07 0.907 
11 644.4 1 3.88 1 4.10 157.17 0.946 
Average 151.55 0.876 
StcLDcv. 5.28 0.122 
Appcndi. v. cs 
Appendix 6.1 Raw Data for IFWI Test for Co-extruded Samples 
impact Velocity 3 m/s 
20 *C 
C15 
Sample Failure Energy 
(J) 
Initiation Encrgy 
U) 
Maximum rorcc 
(N-) 
1 4.16 3.42 1840 
2 7.39 6.40 2560 
3 3.13 2.29 1535 
4 6.20 5.22 2270 
5 5.35 4.57 1958 
6 6.69 5.79 2453 
7 4.26 3.58 1905 
Average 5.31 4.47 2074 
StcL Dev. 1.54 1.45 366 
115 
Sample Failure Energy 
Q) 
Initiation Energy 
Q) 
Maximum Force 
(N) 
1 4.50 3.76 1867 
2 7.05 6.04 2381 
3 5.52 4.54 2131 
4 6.17 5.29 2222 
5 7.74 6.63 2546 
6 7.84 6.80 2562 
7 5.69 4.75 2153 
Avcmgc 6.36 5. 2266 
I Std. Dev. 1.24 1.14 1 249 
- 
C30 
Sample Failure Energy 
Q) 
Initiation Encrgy 
Q) 
Maximum Forcc 
(N) 
1 4.79 3.88 2079 
2 7.77 6.80 2695 
3 9.34 8.27 3076 
4 8.67 7.45 2(X)8 
5 6.87 5.80 2353 
6 6.61 5.58 2547 
Average 7.34 6.30 1 2043 
Stcl. Dev. 1.63 1.55 343 
Appcndixcs 
130 
Sample Failure Energy 
(J) 
Initiation Encrgy 
(J) 
Maximum Force 
(N) 
1 6.91 5.95 2573 
2 5.46 4.57 2270 
3 5.06 4.10 2137 
4 8.01 7.00 2753 
5 11.00 9.86 3283 
6 6.30 5.21 2370 
7 8.39 7.27 2930 
Average 7.30 
1 
6.28 
1 1 
2617 
1 
Std. Dev. 2.04 1.98 403 
1 
3 mls at 30 OC, 
C15 
Sample Failure Energy 
Q) 
Initiation Encrgy 
Q) 
Maximum Forcc 
(N) 
1 7.37 6.44 2403 
2 7.88 6.98 2650 
3 5.70 5.07 2241 
4 9.69 8.51 2939 
5 8.93 7.96 2807 
6 10.68 9.29 3026 
7 8.35 6.93 2529 
Average 8.24 7.31 
1 
2656 
Std- Dev. 1.54 1.40 1 286 
C20 
Sample Failure Energy 
Q) 
Initiation Encrgy 
(J) 
Maximum Force 
(N) 
1 12.00 10.72 3232 
2 12.11 10.84 3271 
3 11.89 10.61 3159 
4 12.79 11.43 3405 
5 11.24 9.92 3128 
6 8.24 7.19 2598 
7 12.39 11.23 3275 
8 9.89 8.76 2830 
Average 11.32 10.09 3112 
, Std. Dev. 1 1.52 
1.44 267 
Appcndi, xcs 
C25 
Sample Failure Energy 
Q) 
Initiation Energy 
U) 
Maximum Force 
(N) 
1 11.07 9.81 3142 
2 10.18 9.12 2972 
3 11.30 10.05 3099 
4 10.24 9.15 2976 
5 13.44 12.15 3503 
6 11.10 9.16 3228 
7 8.07 6.36 2681 
Average 10.77 9.40 3086 
Stcl Dev. 1 1.61 1.71 254 
C30 
Sample Failure Encrgy 
(j) 
Initiation Encrgy 
Q) 
Maximum Force 
(N) 
1 8.47 7.48 2896 
2 10.39 8.97 3076 
3 11.16 9.59 3283 
4 13.39 12.14 3545 
5 12.09 10.86 3447 
6 12.98 11.85 3419 
7 10.66 9.69 3183 
Average 11.31 10.08 3264 
Stcl. Dev. 1.69 1.65 228 
C35 
Sample Failure Energy 
Q) 
Initiation Encrgy 
Q) 
Maximum Forcc 
(N) 
1 7.18 6.19 2(Al 
2 13.91 12.77 3609 
3 14.65 13.11 3730 
4 9.75 8.47 3120 
5 13.03 11.69 36'X) 
6 14.62 13.16 3719 
7 9.73 8.67 3234 
8 10.85 9.54 3231 
9 11.29 10.07 32(A 
10 10.46 9.05 3299 
11 11.42 10.11 3361 
12 12.48 11.21 3447 
Average 11.61 10.34 3362 
Stcl. Dev. 2.24 2.13 311 
Appcndixcs 
115 
Sample Failure Energy 
(J) 
Initiation Energy 
Q) 
Maximum Force 
(N) 
1 9.55 8.44 2778 
2 9.48 8.15 2823 
3 11.46 9.99 3190 
4 8.44 7.05 2681 
5 9.30 8.13 2748 
6 9.91 8.75 2883 
14.52 13.17 1 3495 
Average 10.38 9.10 2943 
Std. Dev. 2.04 2.00 294 
120 
Sample Failure Energy 
(J) 
Initiation Encra 
0) 
Maximum Force 
(N) 
1 11.30 6.25 3007 
2 10.03 8.92 2937 
3 9.81 8.48 2840 
4 10.46 6.11 2921 
5 8.78 7.90 2725 
6 11.66 10.43 3126 
7 9.13 7.93 2702 
8 11.81 10.04 3109 
9 11.82 10.63 3125 
10 13.05 12.13 3287 
11 10.11 8.78 1 2919 
Average 10.72 8.93 2973 
StcL Dev. 1.31 1.89 180 
125 
Sample Failure Energy 
(J) 
Initiation Energy 
P) 
Maximum Force 
(N) 
1 11.48 10.55 3012 
2 8.39 7.26 2825 
3 10.58 9.18 3166 
4 10.14 9.81 3110 
5 8.71 7.70 2753 
6 11.14 9.82 3241 
7 10.11 8.98 3082 
8 12.74 11.06 34(A) 
Average 10.41 9.30 3081 
1 
I Std. Dev. 1 1.43 1.31 225 
Appcndixcs 
130 
Sample Failure Energy 
(1) 
Initiation Energy 
Q) 
Maximum Force 
(N) 
1 9.55 8.37 2962 
2 9.19 8.18 2916 
3 9.44 8.33 3050 
4 9.20 7.89 2921 
5 8.80 7.44 2877 
6 13.18 11.86 3524 
7 14.36 13.17 3708 
8 15.02 13.63 3762 
9 16.02 14.22 3883 
Average 1 11.64 10.34 3289 
Stct Dev. 1 2.95 2.81 421 
135 
Samples Failure Energy 
(I) 
Initiation Energy 
(j) 
Maximunt Forcc 
(N) 
1 9.97 8.76 3125 
2 16.41 14.77 3817 
3 13.19 12.38 3687 
4 9.97 8.76 3125 
5 9.44 8.29 3089 
6 13.81 12.45 3512 
7 11.50 9.84 3333 
8 12.03 10.75 3209 
9 7.23 6.19 2532 
10 8.31 7.18 2849 
Average 11.19 9.94 3228 
StcL Dev. 2.77 2.65 383 
M25 
Sample Failure Energy 
0) 
Wtiation Energy Maximum Forcc 
(N- 
1 10.89 9.58 3201 
2 12.07 10.31 3309 
3 9.40 8.15 2886 
4 11.46 10.22 3175 
5 10.06 8.91 2982 
6 11.11 9,89 3081 
7 11.58 10.39 3308 
Average 
1 
10.94 9.64 3135 
A 
Std. Dev. 0.93 
-1 
0.83 
-1 
160 
Appcndi. xcs 
3'M/s at 40 OC 
C15 
Sample Failure Energy 
(1) 
- -- 
Initiation Energy 
(j) 
Maximum Forcc 
(N) 
1 13.63 12.59 3321 
2 26.70 24.70 4274 
3 28.64 26.82 4442 
4 18.85 17.51 3678 
5 24.55 23.10 3983 
6 16.61 15.20 3516 
Average 21.50 19.99 3869 
StdDeviation 6.00 5.70 440 
115 
Samples Failure Energy 
0) 
Initiation Energy 
(j) 
Maximum Forcc 
(N) 
1 20.44 19.00 3731 
2 28.42 26.04 4230 
3 27.96 26.02 4212 
4 27.72 25.41 4227 
5 26.99 24.87 4208 
6 13.82 12.63 3236 
7 27.82 25 , 18 4208 
Average 24.73 22.74 4007 
Std. Dcv. 5.55 5.09 395 
C30 
Samples Failure Energy 
0) 
Initiation Energy 
(1) 
Maximum Force 
(N) 
1 33.31 28.01 4304 
2 30.90 23.62 4274 
3 28.07 25.71 4347 
4 40.70 28.32 4801 
5 16.70 15.00 3612 
6 36.30 29.53 4601 
Average 31.00 25.13 4333 
Std Dev. 8.25 5.12 404 
Appcndixcs 
130 
Samples Failure Energy 
(J) 
Initiation Energy 
(j) 
Maximum Force 
(N) 
1 20.40 18.95 3944 
2 31.30 28.94 4481 
3 35.42 27.24 4303 
4 31.13 29.21 4799 
5 23.32 20.69 4081 
6 40.53 30.49 4799 
7 45.21 33.88 4943 
8 22.56 21.08 4105 
Average 31.23 26.31 4432 
Stcl. Dev. 8.90 5.40 181 
so OC 
130 
Sample Failure Energy 
Q) 
Initiation Energy 
0) 
Maximum Force 
(N) 
1 58.42 43.19 5070 
2 53.67 36.65 4757 
3 52.88 43.40 5153 
4 47.92 35.47 4(40 
5 49.25 38.61 4823 
6 43.13 31.63 4334 
7 53.12 38.50 4891 
Average 51.20 ý38.21 4813 
StcL Dev. 4.91 1 4.19 269 
C30 
Samples Failure Energy 
(J) 
Initiation Energy 
(J) 
Maximum Force 
(N) 
1 52.17 34.34 4447 
2 50.18 35.39 4510 
3 41.06 35.73 4625 
4- 38.45 32.90 4484 
5 50.83 34.05 4379 
6 43.52 36.58 5067 
7 41.22 33.51 5(X)() 
Average 45.35 34.64 4045 
1 
Stcl. Dev. 5.57 1.31 J 27S 
Appcndixcs 
115 
Samples Tailure Energy 
P) 
Initiation Energy 
(J) 
Maximum Forcc 
(N) 
1 30.60 26.35 4071 
2 49.15 43.11 5089 
3 52.41 46.58 5007 
4 48.71 43.80 5096 
5 44.26 35.23 4718 
6 42.57 33.55 434H 
Average 44.62 38.10 4704 
SUL Dev. 7.73 7.70 409 
C15 
Samples Failure Energy 
(J) 
Initiation Energy 
V) 
Maximum Force 
(N) 
1 37.30 32.22 4513 
2 39.39 33.72 4520 
3 30.61 27.97 4508 
4 28.53 22.80 3795 
5 39.47 33.50 4564 
6 39.92 28.23 4198 
Average 36.07 29.74 4348 
StcL Dev. 4.60 
_ 
4.24 303 
IMI Test at 4 m/s and 30 T 
Co-extruded Skin Upperm TA -ý 
Sample Failure energy 
(1) 
Avcrage 
(j) 
Std. Dcv. 
C25 2.58,4.93,2.89,3.95,4.81,4.13,3.73. 3.86 0.89 
M25 4.97,2.89,4.93,4.37,4.56,5.78,4.37 4.55 0.88 
125 6.54,4.57,4.76,5.78,6.09,4.59 5.39 0.86 
Co-cxtruded Skin Bottom I 
Sample Failure Energy 
(j) 
Avcrige 
0) 
Std. Dcv. 
C25 3.98,3.82,3.23,3.96,3.54 3.71 0.32 
M25 3.54,4.75,3.64,4.98,4.59,7.83,2.82 4.59 1.62 
125 4.70,3.84,4.02,3.72,3.50 3.96 0.46 
Appcndi. xcs 
IFWI Test at 3mls and 40 *C (small impactor) 
Sample Failure Energy 
Q) 
Average Std. Dcv. 
115 16.31,16.41,17.72,17.68,16.92,17.70 17.12 0.66 
C15 15.84,16.09,16.63,15.16,14.41,17.29, 15.90 1.03 
130 23.17,22.66,20.87,18.83,19.09,18.78, 20.5ý 1.98 
C30 19.15,20,03,20.46,19.73,17.86,18.5 1, 
_1_9.29--l 
On 
Appcndixcs 
Appendix 6.2: Raw Data for Flexural Test (Co-extruded Samples) 
115 
Sample Flexural Modulus 
(MPa) 
Flexural Strcngth 
(Mpa) 
1 1471 28.01 
2 1464 27.74 
3 1480 27.34 
4 1420 27.96 
5 1473 28.04 
Average 1462 27.82 i 
Std. Dev. 1 24 0.29 
C15 
Sample Flexural Modulus 
(MPa) 
Flexural Strength 
(MPa) 
1 1648 30.24 
2 1529 28.58 
3 1618 30.16 
4 1600 29.77 
5 1613 29.25 
Average 1565 29.15 
I Std. Dev. 1 35 1 0.60 1 
C20 
Sample Flexural Modulus 
(IV[Pa) 
Flexural Strength 
(Mpa) 
1 1595 31.89 
2 1569 33.53 
3 1616 32.83 
4 1671 33.76 
5 1591 29.96 
Average 1608 32.39 
Std. Dev. 30 1.54 
-j 
120 
Sample Flexural Modulus 
QAPa) 
- 
Flexural Strcngtli 
Impa) 
1 1519 31.47 
2 1484 31.79 
3 1472 30.91 
4 1468 28.18 
5 1477 27.89 
Average 1 1488 30.05 
Std. Dev. 1 20 1.87 
Appcndixcs 
C25 
Sample Flexural Modulus 
(MPa) 
Flexural Strength 
(MPa) 
1 1652 31.30 
2 1664 31.29 
3 1655 31.33 
4 1648 30.92 
6 1624 30.83 
Avcrag 1649 31.13 i 
Std. Dev. 15 1 0.24 
:: 1 
125 
Sample Flexural Modulus 
(Mpa) 
Flexural Strcngth 
(Mpa) 
1 1476 28.15 
2 1486 28.47 
3 1527 29.15 
4 1518 31.37 
5 1490 28.74 
Average 1490 29.17 
Std. Dcv. 16.41 1.28 
M25 
Sample Flexural Modulus 
(Mpa) 
Flcxural Strength 
(Mpa) 
1 1523 30.90 
2 1552 30.59 
3 1551 30.09 
5 1560 30.97 
6 1576 30.61 
7 1520 32.66 
8 1561 30. (A 
Avcrage 1549 30.92 
Std. Dev. 21 0.82 
C30 
Sample Flexural Modulus 
(Mpa) 
Flexural Strcngth 
M133) 
1 1726 34.26 
2 1742 33.84 
3 1737 33.21 
4 1755 34.58 
5 1705 35.19 
Avcrage 1 1745 34.22 
j 
I- Std. Dcv. I- 15.28 0.75 
Appcndixcs 
130 
Sample Flexural Modulus 
(MPa) 
Flexural Strength 
mpa) 
1 1559 30.97 
2 1546 32.01 
3 1564 30.99 
5 1600 31.41 
6 1586 30.85 
Average 1571 31.24 
Std. Dev. 21.70 0.43 
C35 
Sample Flexural Modulus 
(Mpa) 
Flexural Strength 
(MN) 
1 1716 34.63 
2 1666 33.99 
3 1677 34.31 
4 1740 34.87 
5 1730 34.87 
Average 1706 34.53 
Std. Dev. 33 0.38 
135 
Sample Flexural Modulus 
(Mpa) 
Flexural Strcngth 
(Mpa) 
1 1578 31.47 
2 1595 32.15 
3 1578 31.43 
4 1548 30,59 
5 1516 30.74 
Average 1563 31.28 
Std. Dev. 32 0.63 
Revcme 
M25 
Sample Flexural Modulus 
(MPa) 
Flexural Strcngth 
(Mpa) 
1 1586 29.19 
2 1582 28.96 
3 1526 30.57 
4 1592 30.45 
5 1618 30.58 
6 1517 29.22 
Average 1570 29.83 
Std. Dev. 39.83 0.78 
